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(57) ABSTRACT

This 1nvention relates to a nonaqueous-electrolyte battery
containing a current collector, a positive electrode, a negative
clectrode, and a nonaqueous electrolytic solution. The posi-
tive electrode contains a lithium-containing phosphoric acid

compound represented by LixMPO, as a positive-electrode
active material, where M 1s at least one element selected from
Group-2 to Group-12 metals of the periodic table, and x
satisfies O<x=<1.2. The negative electrode contains a negative-
clectrode active material capable of occluding and releasing
lithium 10ns. The nonaqueous electrolytic solution contains a
chain ether and a cyclic carbonate having an unsaturated

bond.
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NONAQUEOUS-ELECTROLYTE BATTERIES
AND NONAQUEOUS ELECTROLYTIC
SOLUTIONS

CROSS-REFERENCE TO RELAT
APPLICATIONS

s
w

This application 1s a Divisional of Ser. No. 13/429,3580 filed
Mar. 26, 2012 which 1s a Continuation of PCT/JP10/066,413

filed Sep. 22, 2010. This application 1s based upon and claims
the benefit of priority from prior Japanese Patent Application
2009-223809 filed on Sep. 29, 2009.

TECHNICAL FIELD

The present invention relates to nonaqueous-electrolyte
batteries. More particularly, the invention relates to nonaque-
ous-electrolyte batteries which employ nonaqueous electro-
lytic solutions that bring about excellent high-output charac-
teristics and excellent durability when 1ron lithium phosphate
1s used as the positive electrode.

BACKGROUND ART

Nonaqueous-electrolyte batteries including lithium sec-
ondary batteries are being put to practical use in extensive
applications ranging from power sources for appliances for
so-called public use, such as portable telephones and note-
book type personal computers, to vehicle-mounted power
sources for driving motor vehicles or the like. However, non-
aqueous-clectrolyte batteries are increasingly required to
have higher performance 1n recent years, and are required to
attain battery characteristics, such as, for example, high
capacity, high output, high-temperature storability, cycle
characteristics, and high safety, on a high level.

In nonaqueous-electrolyte batteries, LiCoQO, 1s generally
used in the positive electrodes and a carbon material capable
of occluding and releasing lithtum i1s generally used 1n the
negative electrodes. As the nonaqueous electrolytic solutions,
use 1s being made of electrolytic solutions prepared by dis-
solving an electrolyte salt represented by L1PF . 1n a nonaque-
ous organic solvent such as ethylene carbonate or ethyl
methyl carbonate.

Lithium cobalt oxide (L1C0Q, ), which 1s used as a positive-
electrode active material as shown above, has a drawback that
this substance 1n a charged state has low thermal stability and
reduces battery safety. Extensive substances have hence been
investigated 1n search of a positive-electrode active material
usable as a substitute for L1CoQO.,,.

As one class of substances among these, lithium-contain-
ing metal oxides having an olivine structure have recently
received attention. For example, nonaqueous-electrolyte bat-
teries employing LiFePO, as a positive-electrode active
material can be made to have improved cycle characteristics
and improved battery safety by taking advantage of the high
thermal and chemical stability of LiFePO,. In the case of
applications such as, for example, hybrid vehicles, such prop-
erties are exceedingly useful from the standpoint of increas-
ing the size of mounted batteries to thereby improve energy
density per unit weight or improve output energy density or
for attaining life prolongation of batteries.

However, LiFePO, 1s known to be lower 1n the electronic
conductivity of inner parts of the positive-electrode active
material and in high-rate discharge characteristics as com-
pared with L1CoO,, LiN10O,, LiMnO,, Li(N1, sMn, ,CO, ;)
O,, and the like.
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Furthermore, nonaqueous-electrolyte batteries employing
LiFePO, as a positive-electrode active material have had the
following problem. When these batteries are repeatedly
charged and discharged in a high-temperature environment
of, for example, about 60° C., elements including 1ron which
are contained 1n the active material partly dissolve away with
repetitions of charge/discharge, and the dissolved 1ron
adversely affects the negative-electrode active material con-
stituted of a carbon material, etc. As a result, the negative
clectrode 1tsell 1s impaired 1n charge/discharge reversibility
and other properties and 1s hence reduced 1n reactivity, and
this tends to result 1n a decrease 1n the capacity or output of the
nonaqueous-electrolyte batteries.

Patent document 1 discloses a nonaqueous-electrolyte bat-
tery which includes a positive-electrode mix layer that
includes a positive-clectrode active material including 1ron
lithium phosphate, a conductive material, and a binder and
has a density regulated to 1.7 g/cc and which further includes
a nonaqueous electrolytic solution containing a solvent
including ethylene carbonate and a chain ether, as a nonaque-
ous-electrolyte battery which can have an improved dis-
charge capacity even during high-rate discharge in which the
battery 1s discharged at a relatively high current.

Patent document 2 discloses a nonaqueous-electrolyte bat-
tery which includes a positive-electrode active material
including 1ron lithium phosphate of an olivine structure as a
main component, an electrolyte including LiPF. as a main
component, and a nonaqueous solvent that includes, as amain
component, a mixed solvent composed of ethylene carbonate
and diethyl carbonate or a mixed solvent composed of ethyl-
ene carbonate and ethyl methyl carbonate and that further
contains at least vinylene carbonate and/or vinylethylene car-
bonate, as a nonaqueous-electrolyte battery which has a high
capacity and high output and can retain the high capacity
equal to the 1mitial value even aiter repeatedly charged/dis-
charged 1n a high-temperature environment of, for example,
60° C., and which 1s prevented from decreasing 1n ordinary-
temperature output and low-temperature output, for example,
output at around -30° C., and shows the high output equal to
the mnitial value.

PRIOR-ART DOCUMENTS

Patent Documents

Patent Document 1: JP-A-2006-236809
Patent Document 2: JP-A-2009-4357

SUMMARY OF THE INVENTION

Problems that the Invention 1s to Solve

According to the techniques disclosed 1n patent document
1, electronic conductivity within the positive electrode 1s
improved by improving close contact between the positive-
electrode active materital and the conductive matenal,
between the conductive material and the current collector,
and between the positive-electrode active material and the
current collector. Furthermore, by using a solvent prepared by
adding dimethoxyethane, which has an exceedingly low vis-
cosity, to ethylene carbonate, which has a high permittivity,
not only the solvent can be suificiently infiltrated into the
positive-electrode mix layer but also the rate of movement of
lithium 10ns 1s improved. These techniques are thought to
improve discharge capacity during high-rate discharge in
which the battery 1s discharged at a relatively high current.
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However, 1n the case where a carbon material, which 1s the
most general material at present, 1s used 1n the negative elec-

trode, the battery according to patent document 1 1s still
insuificient 1n durability such as high-temperature storability
and cycle characteristics because of the poor stability of the
negative-clectrode coating film.

According to the techniques disclosed 1n patent document
2, at least part of the vinylene carbonate and/or vinylethylene
carbonate decomposes on the electrodes to form a stable
deposit, e.g., a coating film, on the surface of the active
material of the positive electrode and/or negative electrode.
As a result, 1iron and other elements are inhibited from dis-
solving away from the positive-electrode active material and
such dissolved elements are inhibited from adversely affect-
ing the negative-electrode active matenal. It 1s thought that
even when the battery is repeatedly charged/discharged, the
insertion and release of lithium 10ns proceed smoothly and
capacity deterioration and an increase in internal resistance
can be mnhibited to thereby inhibit the output from decreasing.

However, the nonaqueous electrolytic solution has a higher
viscosity and lower 1onic conductivity as compared with non-
aqueous-electrolyte emploving a chain ether. Because of this,
when compared 1n 1nitial output with the nonaqueous elec-
trolytic solutions employing a chain ether, this prior-art non-
aqueous electrolytic solution 1s still insuificient 1n outputin a
low-temperature region, such as output at room temperature
or =30° C.

An object of the invention 1s to provide a nonaqueous-
clectrolyte battery which has a high initial output at ordinary
temperature and -30° C., attains a high discharge capacity
even during high-rate discharge, and has a high capacity
retention after a durability test such as a high-temperature
storage test or cycle test, and which, even after the durability
test, has the excellent imitial output performance and high-rate
discharge capacity. Another object 1s to provide a nonaqueous
clectrolytic solution which renders the nonaqueous-electro-
lyte battery possible.

Means for Solving the Problems

The present inventors diligently made investigations in
order to overcome the problems described above. As a result,
the inventors have found that a nonaqueous-electrolyte bat-
tery which has a high 1nitial output at ordinary temperature
and -30° C., attains a high discharge capacity even during
high-rate discharge, and has a high capacity retention after a
durability test such as a high-temperature storage test or cycle
test, and which, even after the durability test, has the excellent
output performance and high-rate discharge capacity equal to
the 1itial values can be rendered possible using a lithium-
containing metal oxide having an olivine structure as a posi-
tive-electrode active material, by incorporating a chain ether
and either a compound having the function of forming a
negative-electrode coating film or a compound having the
function of protecting the positive electrode, 1n a specific
proportion, into an electrolytic-solution composition. The
invention has been thus completed.

Namely, essential points of the invention are as follows.

1. A nonaqueous-electrolyte battery which comprises: a
current collector; a positive electrode containing a lithium-
contaiming phosphoric acid compound represented by
LixMPQO,, (wherein M 1s at least one element selected from
the group consisting of Group-2 to Group-12 metals of the
periodic table, and x satisfies 0<x=1.2) as a positive-clectrode
active material; a negative electrode containing a negative-
clectrode active material capable of occluding and releasing
lithium 10ns; and a nonaqueous electrolytic solution,
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wherein the nonaqueous electrolytic solution contains
(1) a chain ether and
(2) a cyclic carbonate having an unsaturated bond.

2. A nonaqueous-electrolyte battery which comprises: a
current collector; a positive electrode containing a lithium-
containing phosphoric acid compound represented by
LixMPO,, (wherein M 1s at least one element selected from
the group consisting of Group-2 to Group-12 metals of the
periodic table, and x satisfies 0<x=<1.2) as a positive-electrode
active material; a negative electrode containing a negative-
clectrode active material capable of occluding and releasing
lithium 10ns; and a nonaqueous electrolytic solution,

wherein the nonaqueous electrolytic solution contains
(1) a chain ether and
(2) at least one compound selected from lithium fluorophos-
phates, lithtum sulfonates, imide lithium salts, sulfonic acid
esters, and sulfurous acid esters.

3. The nonaqueous-electrolyte battery according to 1. or 2.
above wherein the lithium-containing phosphoric acid com-
pound 1s represented by LixMPO, (wherein M 1s at least one
clement selected from the group consisting of the Group-4 to

Group-11 transition metals 1n the fourth period of the periodic
table, and x satisfies 0<x=<1.2).

4. The nonaqueous-electrolyte battery according to 1.
above wherein the content of the cyclic carbonate having an
unsaturated bond 1s 0.001-5% by mass based on the whole
clectrolytic solution.

5. The nonaqueous-electrolyte battery according to 1. or 2.
above wherein the nonaqueous electrolytic solution contains
cthylene carbonate 1n an amount of 10% by volume or more.

6. The nonaqueous-clectrolyte battery according to 1. or 2.
above wherein the chain ether is represented by R'OR?
(wherein R and R” each represent a monovalent organic
group which has 1-8 carbon atoms and may have a fluorine
atom, and R" and R® may be the same or different).

7. The nonaqueous-clectrolyte battery according to 1. or 2.
above wherein the negative-electrode active material 1s a
carbonaceous material.

8. The nonaqueous-clectrolyte battery according to 1. or 2.
above wherein the current collector has an electroconductive
layer on the surface thereof, the electroconductive layer being
different from the current collector 1n compound composi-
tion.

9. A nonaqueous electrolytic solution for use 1 the non-
aqueous-electrolyte battery according to any one of 1. to 8.
above.

Eftects of the Invention

According to the nonaqueous-electrolyte batteries of the
invention, an improvement in high-rate discharge capacity
and an increase in output are attained 1n the case where a
lithium-containing metal oxide having an olivine structure 1s
used as a positive-clectrode active material, by incorporating,
a chain ether mto a nonaqueous electrolytic solution and
thereby lowering the viscosity of the nonaqueous electrolytic
solution and 1mproving the 1onic conductivity thereof. Fur-
thermore, by incorporating, 1n a specific proportion, a com-
pound having the function of forming a negative-clectrode
coating film, the resistance of the coating film on the surface
of the negative electrode 1s prevented from increasing exces-
stvely, while maintaining thermal and chemical durability. As
a result, not only high high-temperature storability and cycle
characteristics can be imparted, but also an improvement 1n
high-rate characteristics and an increase in output can be
attained 1n the battery which has undergone a durability test.
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Moreover, by incorporating, in a specific proportion, a
compound having the function of protecting the positive elec-
trode, metal dissolution from the positive-electrode active
material 1s inhibited and the resistance of the coating film on
the surface ol the positive electrode 1s prevented from increas-
ing excessively, while maintaining thermal and chemical
durability. As a result, not only high high-temperature
storability and cycle characteristics can be imparted, but also
an improvement 1n high-rate characteristics and an increase 1in
output can be attained in the battery which has undergone a
durability test.

MODES FOR CARRYING OUT THE INVENTION

Embodiments of the mvention will be explained below.
However, the invention should not be construed as being
limited to the following embodiments, and can be modified at
will.

[Nonaqueous Electrolytic Solutions]

The nonaqueous electrolytic solution for use 1n the first
aspect of the mvention contains
(1) a chain ether and
(2) a cyclic carbonate having an unsaturated bond.

The nonaqueous electrolytic solution for use in the second
aspect of the mvention contains
(1) a chain ether and
(2) at least one compound selected from lithium fluorophos-
phates, lithium sulfonates, imide lithium salts, sulfonic acid
esters, and sulfurous acid esters.

<Chain Ether>

The chain ether preferably 1s a compound represented by
the general formula R"OR”. In the formula, R* and R”* each
represent a monovalent organic group which has 1-8 carbon
atoms and may have a fluorine atom, and R" and R* may be the
same or different.

More preferred are chain ethers having 3-10 carbon atoms.

Examples of the chain ethers having 3-10 carbon atoms
include diethyl ether, di(2-fluoroethyl)ether, di(2,2-difluoro-
cthyl)ether, di(2,2,2-trifluoroethyl)ether, ethyl 2-fluoroethyl
cther, ethyl 2,2,2-trifluoroethyl ether, ethyl 1,1,2,2-tetratluo-
roethyl ether, 2-tfluoroethyl 2,2,2-trifluoroethyl ether, 2-tluo-
roethyl 1,1,2,2-tetrafluoroethyl ether, 2,2,2-trifluoroethyl 1,1,
2,2-tetratluoroethyl ether, ethyl n-propyl ether, ethyl
3-fluoro-n-propyl ether, ethyl 3,3,3-trifluoro-n-propyl ether,
cthyl 2,2,3,3-tetratluoro-n- propy] cther, ethyl 2,2,3,3,3-pen-
tatluoro-n-propyl ether, 2-fluoroethyl n-propyl ether 2-tloro-
cthyl 3-fluoro-n-propyl ether, 2-fluoroethyl 3,3,3-trifluoro-n-
propyl ether, 2-fluoroethyl 2,2,3,3-tetrafluoro-n-propyl ether,
2-tluoroethyl 2,2,3,3,3-pentatluoro-n-propyl ether, 2,2,2-tr1-
fluoroethyl n-propyl ether, 2,2.2-trifluoroethyl 3-fluoro-n-
propyl ether, 2,2.2-trifluoroethyl 3,3,3-trifluoro-n-propyl
cther, 2,2,2-trifluoroethyl 2,2,3,3-tetratfluoro-n-propyl ether,
2,2, 2-trifluoroethyl 2,2,3,3,3-pentatluoro-n-propyl ether, 1,1,
2,2-tetratluoroethyl n-propyl ether, 1,1,2,2-tetratluoroethyl
3-fluoro-n-propyl ether, 1,1,2,2-tetrafluoroethyl 3,3,3-trii-
luoro-n-propyl ether, 1,1,2,2-tetrafluoroethyl 2,2,3,3-tet-
rafluoro-n-propyl ether, 1,1,2,2-tetratluoroethyl 2,2,3,3,3-
pentafluoro-n-propyl ether, di-n-propyl ether, n-propyl
3-fluoro-n-propyl ether, n-propyl 3,3,3-trifluoro-n-propyl
cther, n-propyl 2,2,3,3-tetrafluoro-n-propyl ether, n-propyl
2,2,3,3,3-pentafluoro-n-propyl ether, di(3-fluoro-n-propyl)
cther, 3-fluoro-n-propyl 3,3,3-trifluoro-n-propyl ether,
3-tluoro-n-propyl 2,2,3,3-tetratluoro-n-propyl cther,
3-tluoro-n-propyl 2,2,3,3,3-pentatluoro-n-propyl ether, di(3,
3,3 -trifluoro-n-propyl)ether, 3,3,3-trifluoro-n-propyl 2,2,3,3-
tetrafluoro-n-propyl ether, 3,3,3-trifluoro-n-propyl 2,2,3,3,3-
pentatluoro-n-propyl ether, di(2,2,3,3-tetratfluoro-n-propyl)
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cther, 2,2,3,3-tetratluoro-n-propyl 2,2,3,3,3-pentatluoro-n-
propyl ether, di(2,2,3,3,3-pentatluoro-n-propyl)ether, di-n-
butyl ether, dimethoxymethane, methoxyethoxymethane,
methoxy(2-fluoroethoxy)methane, methoxy(2,2,2-trifluoro-
cthoxy)methane, methoxy(1,1,2,2-tetrafluoroethoxy)meth-
ane, diethoxymethane, ethoxy(2-fluoroethoxy)methane,

cthoxy(2,2,2-trifluoroethoxy)methane, ethoxy(1,1,2,2-tet-
rafluoroethoxy)methane, di(2-fluoroethoxy)methane, 2-tluo-
roethoxy(2,2,2-trifloroethoxy)methane, 2-fluoroethoxy(1,1,
2,2-tetrafluoroethoxy )methane, di1(2,2,2-trifluoroethoxy)
methane,  2,2,2-trifluoroethoxy(1,1,2,2-tetrafluoroethoxy)
methane, di(1,1,2,2-tetrafluoroethoxy )methane,
dimethoxyethane, methoxyethoxyethane, methoxy(2-tfluoro-
cthoxy)ethane, methoxy(2,2,2-trifluoroethoxy )ethane, meth-
oxy(1,1,2,2-tetrafluoroethoxy )ethane, diethoxyethane,
cthoxy(2-tluoroethoxy )ethane, cthoxy(2,2,2-trifluoroet-
hoxy)ethane, ethoxy(1,1,2,2-tetratfluoroethoxy)ethane, di(2-
fluoroethoxy)ethane, 2-fluoroethoxy(2,2,2-trifloroethoxy)
ethane, 2-fluoroethoxy(1,1,2,2-tetrafluoroethoxy)ethane,
di(2,2,2-trifluoroethoxy)ethane, 2,2,2-trifluoroethoxy(1,1,2,
2-tetrafluoroethoxy)ethane,  di(1,1,2,2-tetratluoroethoxy)
cthane, ethylene glycol di-n-propyl ether, ethylene glycol
di-n-butyl ether, and diethylene glycol dimethyl ether.

Preferred  of  these are dimethoxymethane,
diethoxymethane, ethoxymethoxymethane, ethylene glycol
di-n-propyl ether, ethylene glycol di-n-butyl ether, and dieth-
ylene glycol dimethyl ether from the standpoints of having
the high ability to solvate lithium 10ns and 1improving disso-
lution into 1ons.

From the standpoints of having high oxidation resistance,
bringing about a high capacity retention after a durability test
such as a high-temperature storage test or a cycle test, and
enabling the battery to have the excellent output performance
and high-rate discharge capacity equal to the inmitial values
even after the durability test, the following chain ethers are
preferred of those: 2,2,2-trifluoroethyl 2,2,3,3-tetratluoro-n-
propyl ether, 1,1,2,2- tetraﬂuoroethyl 3,3,3-trifluoro-n-propyl
cther, 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoro-n-propyl
cther, 3,3,3-trifluoro-n-propyl 2,2,3,3-tetratluoro-n-propyl
cther, 3.,3,3-trifluoro-n-propyl 2,2,3,3,3-pentatluoro-n-pro-
pyl ether, and di(2,2,3,3-tetrafluoro-n-propyl)ether.

Especially preferred of those are dimethoxymethane,
diethoxymethane, ethoxymethoxymethane, 2,2,2-trifluoro-
cthyl 2,2,3,3-tetratluoro-n-propyl ether, 1,1,2,2-tetratluoro-
cthyl 3,3,3-trifluoro-n-propyl ether, and 1,1,2,2-tetratluoro-
cthyl 232,,3,3-tetraﬂuoro-n-propyl cther because these chain
cthers have low viscosity, impart high 1onic conductivity, and
bring about excellent battery durability.

One chain ether may be used alone, or two or more chain
cthers may be used 1n any desired combination and propor-
tion. The amount of the chain ether to be incorporated 1nto
cach nonaqueous electrolytic solution of the invention 1s
desirably as follows. The concentration of the chain ether 1n
the whole nonaqueous solvent 1s generally 5% by volume or
higher, preferably 8% by volume or higher, more preferably
10% by volume or higher, and 1s generally 70% by volume or
less, preferably 60% by volume or less, more preferably 50%
by volume or less. In case where the concentration thereof 1s
too low, there 1s a tendency that 1t 1s difficult to obtain the
elfect of improving 1onic conductivity that 1s attributable to
both the improvement in the degree of dissociation into
lithium 10ns and the decrease 1n viscosity which are to be
brought about by the chain ether. In case where the concen-
tration thereof 1s too high, there are cases where the chain
cther 1s 1nserted into the negative carbon electrode together
with lithtum 10ns, resulting 1n a decrease in capacity.
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The term “whole nonaqueous solvent™ in this description
means the whole nonaqueous electrolytic solution excluding
the cyclic carbonate having an unsaturated bond, sulfonic
acid esters, sulfurous acid esters, lithium fluorophosphates,
lithium sulfonates, imide lithium salts, and electrolytes which
will be described later.

<Cyclic Carbonate Having Unsaturated Bond>>

In the nonaqueous electrolytic solutions of the mvention, a
cyclic carbonate having an unsaturated bond (hereinafter
often abbreviated to “unsaturated cyclic carbonate’™) can be
used 1n order to form a coating film on the surface of the
negative electrode of the nonaqueous-electrolyte battery to
attain battery life prolongation.

The unsaturated cyclic carbonate 1s not particularly limited
so long as the cyclic carbonate has a carbon-carbon double
bond, and any desired unsaturated carbonate can be used.
Cyclic carbonates having an aromatic ring are also included
in unsaturated cyclic carbonates.

Examples of the unsaturated cyclic carbonate include
vinylene carbonate and dertvatives thereol, ethylene carbon-
ates substituted with one or more aromatic rings or substitu-
ents having a carbon-carbon double bond, phenyl carbonates,
vinyl carbonates, allyl carbonates, and catechol carbonates.

Examples of the vinylene carbonate and derivatives thereof
include vinylene carbonate, methylvinylene carbonate, 4,5-
dimethylvinylene carbonate, phenylvinylene carbonate, 4,5-
diphenylvinylene carbonate, vinylvinylene carbonate, 4,5-
divinylvinylene carbonate, allylvinylene carbonate, and 4,5-
diallylvinylene carbonate.

Examples of the ethylene carbonates substituted with one
or more aromatic rings or substituents having a carbon-car-
bon double bond include vinylethylene carbonate, 4,5-divi-
nylethylene carbonate, 4-methyl-5-vinylethylene carbonate,
4-allyl-5-vinylethylene carbonate, phenylethylene carbon-
ate, 4,5-diphenylethylene carbonate, 4-phenyl-3-vinylethyl-
ene carbonate, 4-allyl-3-phenylethylene carbonate, allyleth-
ylene carbonate, 4,5-diallylethylene carbonate, and
4-methyl-5-allylethylene carbonate.

Especially preferred unsaturated cyclic carbonates among,
these are vinylene carbonate, methylvinylene carbonate, 4,5-
dimethylvinylene carbonate, vinylvinylene carbonate, 4,5-
divinylvinylene carbonate, allylvinylene carbonate, 4,5-dial-
lylvinylene carbonate, vinylethylene carbonate, 4,5-
divinylethylene  carbonate, 4-methyl-5-vinylethylene
carbonate, allylethylene carbonate, 4,5-diallylethylene car-
bonate, 4-methyl-5-allylethylene carbonate, and 4-allyl-3-vi-
nylethylene carbonate. These carbonates are more suitable
because the carbonates form a stable interface-protective
coating {ilm.

The molecular weight of the unsaturated cyclic carbonate
1s not particularly limited, and the carbonate may have any
desired molecular weight unless the effects of the invention
are considerably lessened thereby. The molecular weight
thereot 1s preferably 50-250. So long as the unsaturated cyclic
carbonate has a molecular weight within that range, 1t 1s easy
to ensure the solubility of the unsaturated cyclic carbonate in
the nonaqueous electrolytic solution and the effects of the
invention are apt to be suiliciently produced. The molecular
weight of the unsaturated cyclic carbonate 1s more preferably
80 or higher, and 1s more preterably 150 or lower. Methods for
producing the unsaturated cyclic carbonate are not particu-
larly limited, and the carbonate can be produced by a known
method selected at will.

One unsaturated cyclic carbonate may be used alone, or
two or more unsaturated cyclic carbonates may be used in any
desired combination and proportion. The amount of the
unsaturated cyclic carbonate to be incorporated 1s not particu-

10

15

20

25

30

35

40

45

50

55

60

65

8

larly limited, and the carbonate may be incorporated in any
desired amount unless the effects of the invention are consid-
crably lessened thereby. The amount of the unsaturated cyclic
carbonate to be incorporated per 100% by mass the nonaque-
ous solvent, 1.e., the amount thereot based on the whole
nonaqueous electrolytic solution, 1s preferably 0.001% by
mass or more, more preferably 0.01% by mass or more, even
more preferably 0.1% by mass or more, and 1s preferably 5%
by mass or less, more preferably 4% by mass or less, even
more preferably 3% by mass or less. So long as the amount of
the unsaturated cyclic carbonate 1s within that range, i1t 1s easy
to produce the effect of sufficiently improving the cycle char-
acteristics of the nonaqueous-electrolyte battery. In addition,
it 1s easy to avoid the trouble that the battery has reduced
high-temperature storability and evolves a gas 1n an increased
amount, resulting in a decrease 1n discharge capacity reten-
tion.

The cyclic carbonate having an unsaturated bond may have
a fluorine atom. The number of fluorine atoms possessed by
the unsaturated cyclic carbonate having a fluorine atom (here-
inafter often abbreviated to “fluorinated unsaturated cyclic
carbonate™) 1s not particularly limited so long as the number
thereof 1s 1 or more. In particular, the number of the fluorine
atoms 1s generally 6 or less, preferably 4 or less. Most pre-
ferred are fluorinated unsaturated cyclic carbonates having
one or two tluorine atoms.

Examples of the fluorinated unsaturated cyclic carbonate
include tluorinated vinylene carbonate derivatives and tluori-
nated ethylene carbonate derivatives substituted with one or
more aromatic rings or substituents having a carbon-carbon
double bond.

Examples of the fluorinated vinylene carbonate dertvatives
include 4-fluorovinylene carbonate, 4-fluoro-3-methylvi-
nylene carbonate, 4-fluoro-5-phenylvinylene carbonate, 4-al-
lyl-5-fluorovinylene carbonate, and 4-fluoro-3-vinylvinylene
carbonate.

Examples of the fluorinated ethylene carbonate dertvatives
substituted with one or more aromatic rings or substituents
having a carbon-carbon double bond include 4-fluoro-4-vi-
nylethylene carbonate, 4-fluoro-4-allylethylene carbonate,
4-fluoro-S-vinylethylene carbonate, 4-fluoro-5-allylethylene
carbonate, 4,4-ditfluoro-4-vinylethylene carbonate, 4,4-dii-
luoro-4-allylethylene carbonate, 4,5-difluoro-4-vinylethyl-
ene carbonate, 4,5-difluoro-4-allylethylene carbonate,
4-tfluoro-4,5-divinylethylene carbonate, 4-fluoro-4,5-diallyl-
cthylene carbonate, 4,5-difluoro-4,5-divinylethylene carbon-
ate, 4,5-difluoro-4,5-diallylethylene carbonate, 4-tfluoro-4-
phenylethylene  carbonate,  4-fluoro-5-phenylethylene
carbonate, 4,4-difluoro-5-phenylethylene carbonate, and 4,5-
difluoro-4-phenylethylene carbonate.

Especially preferred fluorinated unsaturated cyclic carbon-
ates among these are 4-fluorovinylene carbonate, 4-fluoro-5-
methylvinylene carbonate, 4-fluoro-5-vinylvinylene carbon-
ate,  4-allyl-5-fluorovinylene  carbonate, 4-fluoro-4-
vinylethylene carbonate, 4-fluoro-4-allylethylene carbonate,
4-fluoro-S-vinylethylene carbonate, 4-fluoro-5-allylethylene
carbonate, 4,4-ditfluoro-4-vinylethylene carbonate, 4,4-dii-
luoro-4-allylethylene carbonate, 4,5-difluoro-4-vinylethyl-
ene carbonate, 4,5-difluoro-4-allylethylene carbonate,
4-tfluoro-4,5-divinylethylene carbonate, 4-fluoro-4,5-diallyl-
cthylene carbonate, 4,5-difluoro-4,5-divinylethylene carbon-
ate, and 4,5-difluoro-4,5-diallylethylene carbonate. These
carbonates are more suitable because the carbonates form a
stable interface-protective coating film.

The molecular weight of the fluorinated unsaturated cyclic
carbonate 1s not particularly limited, and the carbonate may
have any desired molecular weight unless the effects of the
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invention are considerably lessened thereby. The molecular
weilght thereol1s preferably 50-250. So long as the fluorinated
unsaturated cyclic carbonate has a molecular weight within
that range, 1t 1s easy to ensure the solubility of the fluorinated
cyclic carbonate 1n the nonaqueous electrolytic solution and
the effects of the invention are apt to be produced. Methods
tor producing the fluorinated unsaturated cyclic carbonate are
not particularly limited, and the carbonate can be produced by
a known method selected at will. The molecular weight of the
fluorinated unsaturated cyclic carbonate 1s more preferably
100 or higher, and 1s more preferably 200 or lower.

One fluorinated unsaturated cyclic carbonate may be used
alone, or two or more fluorinated unsaturated cyclic carbon-
ates may be used 1n any desired combination and proportion.
The amount of the fluorinated unsaturated cyclic carbonate to
be incorporated 1s not particularly limited, and the carbonate
may be incorporated 1 any desired amount unless the effects
of the invention are considerably lessened thereby. The
amount of the fluorinated unsaturated cyclic carbonate to be
incorporated per 100% by mass the nonaqueous electrolytic
solution 1s usually preterably 0.01% by mass or more, more
preferably 0.1% by mass or more, even more preferably 0.2%
by mass or more, and 1s preferably 5% by mass or less, more
preferably 4% by mass or less, even more preferably 3% by
mass or less. So long as the amount of the fluorinated unsat-
urated cyclic carbonate 1s within that range, 1t 1s easy to
produce the effect of suiliciently improving the cycle charac-
teristics of the nonaqueous-electrolyte battery. In addition, it
1s easy to avoid the trouble that the battery has reduced high-
temperature storability and evolves a gas 1n an increased
amount, resulting 1n a decrease 1n discharge capacity reten-
tion.

<Sulfonic Acid Esters>

Sulfonic acid esters can be used in the nonaqueous elec-
trolytic solutions to be used 1n the mnvention, 1n order to attain
battery life prolongation. Examples of the sulfonic acid esters
include cyclic sulfonic acid esters having 3-6 carbon atoms
and chain sulfonic acid esters having 1-4 carbon atoms.

Examples of the cyclic sulfonic acid esters having 3-6
carbon atoms include 1,3-propanesultone, 1-methyl-1,3-pro-

panesultone, 2-methyl-1,3-propanesultone, 3-methyl-1,3-
propanesultone, 1-ethyl-1,3-propanesultone, 2-ethyl-1,3-
propanesultone, 3-ethyl-1,3-propanesultone, 1-fluoro-1,3-
propanesultone, 2-fluoro-1,3-propanesultone, 3-fluoro-1,3-
propanesultone, 1,4-butanesultone, 1-methyl-1.,4-
butanesultone, 2-methyl-1,4-butanesultone, 3-methyl-1,4-
butanesultone, 4-methyl-1,4-butanesultone, 1-ethyl-1,4-
butanesultone,  2-ethyl-1,4-butanesultone,  3-ethyl-1.4-
butanesultone, 4-ethyl-1,4-butanesultone, 1-propene-1,3-
sultone, 1 -fluoro-1-propene-1,3-sultone, 2-fluoro-1-

propene-1,3-sultone, 3-fluoro-1-propene-1,3-sultone, 1.4-
butanesultone, 1-butene-1.,4-sultone, and 3-butene-1.4-
sultone.

More suitable of these are 1,3-propanesultone, 1-methyl-
1,3-propanesultone, 2-methyl-1,3-propanesultone, 3-me-
thyl-1,3-propanesultone, 1-ethyl-1,3-propanesultone,
butanesultone, 1-methyl-1,4-butanesultone, 2-methyl-1
butanesultone, 3-methyl-1,4-butanesultone, 4-methyl-1
butanesultone, 1-propene-1,3-sultone, and the like because
such cyclic sulfonic acid esters have the high ability to protect
the electrode interface based on interaction with the electrode
surface and improve storability and cycle durability.

Examples of the chain sulfonic acid esters having 1-4 car-
bon atoms include methyl fluorosulionate, ethyl tluorosul-
fonate, propyl fluorosulfonate, methyl methanesulionate,
cthyl methanesulionate, propyl methanesulfonate, methyl
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cthanesulfonate, ethyl ethanesulionate, methyl wvinylsul-
fonate, and ethyl vinylsulfonate.

More suitable of these are methyl fluorosulfonate, ethyl
fluorosulfonate, methyl methanesulionate, ethyl methane-
sulfonate, methyl ethanesulfonate, ethyl ethanesulfonate,
methyl vinylsulfonate, ethyl vinylsulionate, and the like
because such chain sulfonic acid esters have the high ability
to protect the electrode interface based on 1interaction with the
clectrode surface and improve storability and cycle durabil-
ity.

One sulfonic acid ester may be used alone, or two or more
sulfonic acid esters may be used 1n any desired combination
and proportion. The amount of the sulfonic acid ester to be
incorporated 1s not particularly limited, and the sulfonic acid
ester may be mcorporated in any desired amount unless the
cifects of the invention are considerably lessened thereby.
The amount of the sulfonic acid ester to be imncorporated per
100% by mass the nonaqueous electrolytic solution usually 1s
preferably 0.01% by mass or more, more preferably 0.1% by
mass or more, even more preferably 0.2% by mass or more,
and 1s preferably 5% by mass or less, more preferably 4% by
mass or less, even more preferably 3% by mass or less. So
long as the amount of the sulfonic acid ester 1s within that
range, 1t 1s easy to produce the effect of suiliciently improving
the cycle characteristics of the nonaqueous-electrolyte bat-
tery. In addition, 1t 1s easy to avoid the trouble that the battery
has reduced high-temperature storability and evolves a gas in
an increased amount, resulting 1n a decrease 1n discharge
capacity retention.

<Sulfurous Acid Esters>

Cyclic sulfurous acid esters can be used 1n the nonaqueous
clectrolytic solutions to be used 1n the mvention, i order to
attain battery life prolongation. Examples of the sulfurous
acid esters include cyclic sulfurous acid esters having 3-6
carbon atoms.

Examples of the cyclic sulfurous acid esters having 3-6
carbon atoms include ethylene sulfite, 4-methylethylene
sulfite, 4,4-dimethylethylene sulfite, 4,5-dimethylethylene
sulfite, 4-ethylethyene sulfite, 4,4-diethylethylene sulfite, and
4,5-diethylethylene sulfite.

More suitable of these are ethylene sulfite and 4-methyl-
cthylene sulfite because these cyclic sulfurous acid esters
have the high ability to protect the electrode mterface based
on interaction with the electrode surface and improve
storability and cycle durability.

One sulfurous acid ester may be used alone, or two or more
sulfurous acid esters may be used in any desired combination
and proportion. The amount of the sulfurous acid ester to be
incorporated 1s not particularly limited, and the sulfurous acid
ester may be incorporated in any desired amount unless the
cifects of the invention are considerably lessened thereby.
The amount of the cyclic sulturous acid ester to be incorpo-
rated per 100% by mass the nonaqueous electrolytic solution
usually 1s preferably 0.01% by mass or more, more preferably
0.1% by mass or more, even more preferably 0.2% by mass or
more, and 1s preferably 5% by mass or less, more preferably
4% by mass or less, even more preferably 3% by mass or less.
So long as the amount of the cyclic sulfurous acid ester 1s
withinthatrange, 1t 1s easy to produce the effect of suiliciently
improving the cycle characteristics of the nonaqueous-elec-
trolyte battery. In addition, 1t 1s easy to avoid the trouble that
the battery has reduced high-temperature storability and
evolves a gas 1n an 1ncreased amount, resulting 1n a decrease
in discharge capacity retention.

<Other Ingredients>

In the invention, 1t 1s possible to use cyclic carbonates
including ethylene carbonate, chain carbonates, cyclic and
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chain esters other than carbonic acid esters, cyclic ethers,
sulfone compounds, and the like.

<Cyclic Carbonates>

Ethylene Carbonate

It 1s preferred that the nonaqueous electrolytic solutions to
be used 1n the invention each should contain ethylene carbon-
ate, and the content thereof based on the whole nonaqueous
solvent 1s as follows. The lower limit thereof 1s preferably
10% by volume or more, and the upper limit thereot 1s pret-
erably 70% by volume or less. The lower limit thereof is
generally 15% by volume or more, and the upper limit thereof
1s generally 40% by volume or less.

Cyclic Carbonates Other than Ethylene Carbonate

Examples of the cyclic carbonates other than ethylene car-
bonate include cyclic carbonates having an alkylene group
with 3 or 4 carbon atoms.

Specifically, examples of the cyclic carbonates having an
alkylene group with 3 or 4 carbon atoms include propylene
carbonate and butylene carbonate. Especially preferred of
these 1s propylene carbonate from the standpoint of 1mprov-
ing battery characteristics on the basis of an improvement 1n
the degree of dissociation into lithtum 10ns.

It 1s desirable 1n the invention that one or more such cyclic
carbonates other than ethylene carbonate should be 1ncorpo-
rated 1n a concentration of generally 5% by volume or higher,
preferably 10% by volume or higher, based on the whole
nonaqueous solvent in the nonaqueous electrolytic solution.
In case where the concentration thereof 1s less than the lower
limait, the imncorporation thereof brings about little increase 1n
the electrical conductivity of the nonaqueous electrolytic
solution of the mvention. In particular, there are cases where
the incorporation thereof does not contribute to an 1improve-
ment 1n the high-current discharge characteristics of the non-
aqueous-clectrolyte battery of the mvention. It 1s also desir-
able that one or more cyclic carbonates other than ethylene
carbonate should be 1incorporated 1n a concentration of gen-
erally 40% by volume or less, preferably 35% by volume or
less. In case where the concentration thereof exceeds the
range, there 1s a tendency that the nonaqueous electrolytic
solution has an increased wviscosity coefficient and this
reduces the electrical conductivity thereof. In particular, there
are cases where the nonaqueous-electrolyte battery 1s reduced
in high-current discharge characteristics.

With respect to the term “whole nonaqueous solvent” used
here also, this term means the whole nonaqueous electrolytic
solution excluding the cyclic carbonate having an unsaturated
bond, sulfonic acid esters, and sulfurous acid esters which
were described above, the lithium fluorophosphates, lithium
sulfonates, and 1mide lithium salts which will be described
later, and the electrolytes which will be described later, as 1n
the case of ethylene carbonate.

Saturated Cyclic Carbonates Having Fluorine Atom(s)

Saturated cyclic carbonates having a fluorine atom (here-
inafter often abbreviated to “fluorinated saturated cyclic car-
bonates”) are not particularly limited. Examples thereof
include dermvatives of saturated cyclic carbonates having an
alkylene group with 2-6 carbon atoms. Specific examples
thereotf include ethylene carbonate derivatives. Examples of
the ethylene carbonate dertvatives include products of fluo-
rination of either ethylene carbonate or ethylene carbonate
substituted with one or more alkyl groups (e.g., alkyl groups
having 1-4 carbon atoms). Preferred of these are such fluori-
nation products having 1-8 fluorine atoms.

Specific examples thereol include monofluoroethylene
carbonate, 4,4-difluoroethylene carbonate, 4, 5-difluoroethyl-
ene carbonate, 4-fluoro-4-methylethylene carbonate, 4,5-di-
fluoro-4-methylethylene carbonate, 4-fluoro-5-methylethyl-
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ene carbonate, 4.,4-difluoro-5-methylethylene carbonate,
4-(fluoromethyl)ethylene carbonate, 4-(difluoromethyl)eth-
ylene carbonate, 4-(trifluoromethyl)ethylene carbonate,
4-(fluoromethyl)-4-fluoroethylene carbonate, 4-(fluorom-
cthyl)-5-fluoroethylene carbonate, 4-fluoro-4,5-dimethyleth-
ylene carbonate, 4,5-difluoro-4,5-dimethylethylene carbon-
ate, and 4,4-ditluoro-5,5-dimethylethylene carbonate.

More preferred of these 1s at least one member selected
from the group consisting of monofluoroethylene carbonate,
4.4-ditfluoroethylene carbonate, 4,5-difluoroethylene carbon-
ate, and 4,5-difluoro-4,5-dimethylethylene carbonate
because these carbonates impart high 1onic conductivity and
satisfactorily form an interface-protective coating film.

One fluorinated saturated cyclic carbonate may be used
alone, or two or more fluorinated saturated cyclic carbonates
may be used in any desired combination and proportion. The
amount of the fluorinated saturated cyclic carbonate to be
incorporated 1s not particularly limited, and the carbonate
may be used 1n any desired amount unless the effects of the
invention are considerably lessened thereby. However, the
amount thereof per 100% by mass the nonaqueous solvent 1s
preferably 0.01% by mass or more, more preferably 0.1% by
mass or more, even more preferably 0.2% by mass or more.
With respect to the upper limit thereof, the amount of the
carbonate 1s less than 50% by mass, preferably 45% by mass
or less. So long as the amount of the fluorinated saturated
cyclic carbonate 1s within that range, 1t 1s easy to produce the
elfect of suiliciently improving the cycle characteristics of the
nonaqueous-electrolyte battery. In addition, 1t 1s easy to avoid
the trouble that the battery has reduced high-temperature
storability and evolves a gas 1n an increased amount, resulting
in a decrease 1n discharge capacity retention.

<Chain Carbonates>

Chain carbonates having 3-7 carbon atoms are preferred.

Examples of the chain carbonates having 3-7 carbon atoms
include dimethyl carbonate, diethyl carbonate, di-n-propyl
carbonate, ditsopropyl carbonate, n-propyl isopropyl carbon-
ate, ethyl methyl carbonate, methyl n-propyl carbonate, n-bu-
tyl methyl carbonate, 1sobutyl methyl carbonate, t-butyl
methyl carbonate, ethyl n-propyl carbonate, n-butyl ethyl
carbonate, 1sobutyl ethyl carbonate, and t-butyl ethyl carbon-
ate.

Preferred of these are dimethyl carbonate, diethyl carbon-
ate, di-n-propyl carbonate, diisopropyl carbonate, n-propyl
1sopropyl carbonate, ethyl methyl carbonate, and methyl
n-propyl carbonate.

Especially preferred of these are dimethyl carbonate,
diethyl carbonate, and ethyl methyl carbonate.

Chain carbonates having a fluorine atom (hereinafter, the
carbonates are often abbreviated to “fluorinated chain car-
bonates™) also are suitable. The number of fluorine atoms
possessed by each fluorinated chain carbonate also 1s not
particularly limited so long as the number thereof 1s 1 or more.
However, the number thereof 1s generally 6 or less, preferably
4 or less. In the case where a fluorinated chain carbonate has
a plurality of fluorine atoms, these fluorine atoms may be the
same or different. Examples of the fluorinated chain carbon-
ates include ethylene carbonate denivatives, dimethyl carbon-
ate dernivatives, ethyl methyl carbonate derivatives, and
diethyl carbonate derivatives.

Examples of the dimethyl carbonate derivatives include
fluoromethyl methyl carbonate, difluoromethyl methyl car-
bonate, tritfluoromethyl methyl carbonate, bis(fluoromethyl)
carbonate, bis(difluoro)methyl carbonate, and bis(trifluoro)
methyl carbonate.

Examples of the ethyl methyl carbonate derivatives include
2-tluoroethyl methyl carbonate, ethyl fluoromethyl carbon-




US 9,196,903 B2

13

ate, 2,2-difluoroethyl methyl carbonate, 2-tfluoroethyl fluo-
romethyl carbonate, ethyl difluoromethyl carbonate, 2,2,2-
tritfluoroethyl ~ methyl  carbonate,  2,2-difluoroethyl
fluoromethyl carbonate, 2-fluoroethyl difluoromethyl car-
bonate, and ethyl trifluoromethyl carbonate. 5

Examples of the diethyl carbonate derivatives include ethyl
2-tluoroethyl carbonate, ethyl 2,2-difluoroethyl carbonate,
bis(2-tluoroethyl) carbonate, ethyl 2,2,2-trifluoroethyl car-
bonate, 2,2-difluoroethyl 2'-fluoroethyl carbonate, bis(2,2-
difluoroethyl) carbonate, 2,2.2-trifloroethyl 2'-fluoroethyl 10
carbonate, 2,2,2-trifluoroethyl 2',2'-difluoroethyl carbonate,
and bis(2,2,2-trifluoroethyl) carbonate.

With respect to the chain carbonates explained above also,
any one of these chain carbonates may be incorporated alone
into each nonaqueous electrolytic solution of the mnvention or 15
two or more thereol may be incorporated in any desired
combination and proportion.

In each nonaqueous electrolytic solution to be used 1n the
invention, 1t 1s desirable that at least one chain carbonate
should be incorporated 1n a concentration of preferably 15% 20
by volume or higher, more preferably 20% by volume or
higher, even more preferably 25% by volume or higher, based
on the whole nonaqueous solvent in the nonaqueous electro-
lytic solution. It 1s also desirable that the chain carbonate be
incorporated 1n a concentration of 85% by volume or less, 25
more preferably 80% by volume or less, even more preferably
75% by volume or less.

So long as the concentration thereof 1s within that range,
the nonaqueous electrolytic solution suffers neither an
increase 1 viscosity nor a decrease 1n 10nic conductivity and, 30
hence, has satisfactory high-current electrical conduction
characteristics.

In each nonaqueous electrolytic solution of the mvention,
cthylene carbonate and a specific chain carbonate may be
incorporated 1n specific amounts together with a specific 35
chain ether compound. Thus, the performance of the electro-
lytic solution can be greatly improved.

For example, in the case where dimethoxyethane was
selected as the chain ether, 1t 1s preferred to select ethyl
methyl carbonate as the specific chain carbonate. In this case, 40
it 1s especially preferred that ethylene carbonate should be
incorporated 1n an amount of 15% by volume to 40% by
volume, dimethoxyethane be 1incorporated 1n an amount of
10% by volume to 40% by volume, and ethyl methyl carbon-
ate be incorporated 1n an amount of 30% by volume to 60% by 45
volume. By selecting ethyl methyl carbonate as the chain
carbonate and by selecting these incorporation amounts, the
compatibility temperature range can be widened and the
lower-temperature-side precipitation temperature for lithium
salts can be lowered. 50

In the case where diethoxyethane was selected as the chain
cther 1n another example, 1t 1s preferred to select dimethyl
carbonate as the specific chain carbonate. In this case, it 1s
especially preferred that ethylene carbonate should be incor-
porated 1n an amount of 15% by volume to 40% by volume, 55
diethoxyethane be incorporated 1in an amount of 20% by
volume to 60% by volume, and dimethyl carbonate be incor-
porated 1n an amount of 15% by volume to 60% by volume.

By selecting dimethyl carbonate as the chain carbonate and

by selecting these incorporation amounts, the nonaqueous 60
clectrolytic solution can be made to have a reduced viscosity
and 1mproved 1onic conductivity while lowering the lower-
temperature-side precipitation temperature for lithium salts,
and high output can be obtained even at low temperatures.

<Cyclic Esters other than Cyclic Carbonic Acid Esters> 65

Examples of the cyclic esters other than cyclic carbonic
acid esters include cyclic esters having 3-12 carbon atoms.

14

Specific examples thereof include v-butyrolactone, v-vale-
rolactone, y-caprolactone, and e-caprolactone. Of these, yv-bu-
tyrolactone 1s especially preferred from the standpoint of the
improvement in battery characteristics which 1s attributable
to an improvement 1n the degree of dissociation into lithium
101S.

It1s desirable 1n the invention that such a cyclic ester should
be incorporated 1n a concentration of generally 5% by volume
or higher, preferably 10% by volume or higher, based on the
whole nonaqueous solvent 1n the nonaqueous electrolytic
solution. In case where the concentration thereof 1s lower than
the lower limait, the effect of increasing the electrical conduc-
tivity of the nonaqueous electrolytic solution of the invention
1s low and, 1n particular, there are cases where the incorpora-
tion of the cyclic ester does not contribute to an improvement
in the high-current discharge characteristics of the nonaque-
ous-electrolyte battery. It 1s also desirable that the cyclic ester
should be 1mcorporated 1n a concentration of generally 40%
by volume or less, preferably 35% by volume or less. In case
where the concentration thereof exceeds the range, there 1s a
tendency that the nonaqueous electrolytic solution has an
increased viscosity coellicient and this reduces the electrical
conductivity thereof or increases the resistance of the nega-
tive electrode. In particular, there are cases where the non-
aqueous-electrolyte battery has reduced high-current dis-
charge characteristics.

<Chain Esters Other than Chain Carbonic Acid Esters>

Examples of the chain esters other than chain carbonic acid
esters include chain esters having an alkylene group with 3-7
carbon atoms.

Specific examples thereof include methyl acetate, ethyl
acetate, n-propyl acetate, 1sopropyl acetate, n-butyl acetate,
1sobutyl acetate, t-butyl acetate, methyl propionate, ethyl pro-
pionate, n-propyl propionate, i1sopropyl propionate, n-butyl
propionate, 1sobutyl propionate, t-butyl propionate, methyl
butyrate, ethyl butyrate, n-propyl butyrate, 1sopropyl
butyrate, methyl 1sobutyrate, ethyl i1sobutyrate, n-propyl
1sobutyrate, and 1sopropyl 1sobutyrate.

Especially preferred of these are methyl acetate, ethyl
acetate, n-propyl acetate, n-butyl acetate, methyl propionate,
cthyl propionate, n-propyl propionate, 1sopropyl propionate,
methyl butyrate, ethyl butyrate, and the like from the stand-
point of 1mproving 1onic conductivity on the basis of a
decrease 1n viscosity.

It 1s desirable in the invention that such a chain ester should
be incorporated 1n a concentration of generally 10% by vol-
ume or higher, preferably 13% by volume or higher, based on
the whole nonaqueous solvent 1n the nonaqueous electrolytic
solution. In case where the concentration thereof 1s lower than
the lower limaut, the effect of increasing the electrical conduc-
tivity of the nonaqueous electrolytic solution of the invention
1s low and, in particular, there are cases where the incorpora-
tion of the chain ester does not contribute to an improvement
in the high-current discharge characteristics of the nonaque-
ous-electrolyte battery. It 1s also desirable that the chain ester
should be incorporated 1n a concentration of generally 60%
by volume or less, preferably 50% by volume or less. In case
where the concentration thereof exceeds the range, there 1s a
tendency that the negative electrode has increased resistance
and the nonaqueous-electrolyte battery suifers a decrease 1n
high-current discharge characteristics and a decrease 1n cycle
characteristics.

<Cyclic Ethers>

Examples of the cyclic ethers include cyclic ethers having
an alkylene group with 3-6 carbon atoms.

Specific examples thereof include tetrahydrofuran, 2-me-
thyltetrahydrofuran, 3-methyltetrahydrofuran, 1,3-dioxane,
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2-methyl-1,3-dioxane, 4-methyl-1,3-dioxane, 1,4-dioxane,
and compounds formed by fluorinating these.

Especially preferred of these are 2-methyltetrahydrofuran
and 2-methyl-1,3-dioxane. This 1s because these cyclic ethers
have low viscosity and the high ability to solvate lithium 1ons
and, hence, improve dissociation 1nto 1ons, thereby imparting
high 10nic conductivity.

The amount of the cyclic ether to be incorporated, per
100% by volume the nonaqueous solvent, usually 1s prefer-
ably 5% by volume or more, more preferably 10% by volume
or more, even more preferably 15% by volume or more, and
1s preferably 40% by volume or less, more preferably 35% by
volume or less, even more preferably 30% by volume or less.
So long as the amount thereof 1s within that range, it 1s easy to
ensure the effect of improving 1onic conductivity which 1s
attributable to the improvement 1n the degree of dissociation
into lithtum 1ons and the decrease in viscosity which are
brought about by the cyclic ether. In addition, in the case
where the negative-electrode active material 1s a carbon-
aceous material, it 1s easy to avoid the trouble that the cyclic
cther 1s mserted into the active material together with lithium
ions, resulting 1n a decrease 1n capacity.

<Sulfone Compounds>

Preferred sulfone compounds are cyclic sulfones having
3-6 carbon atoms and chain sulfones having 2-6 carbon
atoms. It 1s preferred that the number of sulfonyl groups per
molecule should be 1 or 2.

Examples of the cyclic sulfones include monosulfone com-
pounds such as trimethylene sulfone compounds, tetrameth-
ylene sulfone compounds, and hexamethylene sulfone com-
pounds and disulfone compounds such as trimethylene
disulfone compounds, tetramethylene disulfone compounds,
and hexamethylene disulfone compounds. From the stand-
points of permittivity and viscosity, tetramethylene sulfone
compounds, tetramethylene disulfone compounds, hexam-
cthylene sulfone compounds, and hexamethylene disulfone
compounds are more preferred of those, and tetramethylene
sulfone compounds (sulfolane compounds) are especially
preferred.

The sulfolane compounds preferably are sulfolane and/or
sulfolane derivatives (hereinafter, these compounds 1nclud-
ing sulfolane are often referred to simply as “sulfolane com-
pounds”). The sulifolane derivatives preferably are sulfolane
compounds in which one or more of the hydrogen atoms
bonded to the carbon atoms constituting the sulfolane ring
cach have been replaced with a fluorine atom or an alkyl
group.

Preferred of these are 2-methylsuliolane, 3-methylsul-
folane, 2-fluorosulfolane, 3-fluorosulfolane, 2,2-difluorosul-
folane, 2.3-difluorosulfolane, 2,4-difluorosulfolane, 2,5-dit-
luorosulfolane, 3.4-difluorosulfolane, 2-fluoro-3-
methylsulfolane, 2-fluoro-2-methylsulfolane, 3-fluoro-3-
methylsulfolane, 3-fluoro-2-methylsuliolane, 4-fluoro-3-
methylsuliolane, 4-fluoro-2-methylsuliolane, 3-fluoro-3-
methylsuliolane, S-fluoro-2-methylsuliolane,
2-fluoromethylsuliolane, 3-fluoromethylsulfolane, 2-difluo-
romethylsulfolane, 3-difluoromethylsuliolane, 2-trifluorom-
cthylsulfolane, 3-trifluoromethylsuliolane, 2-tluoro-3-(trii-
luoromethyl)suliolane, 3-fluoro-3-(trifluoromethyl)
sulfolane, 4-fluoro-3-(trifluoromethyl)suliolane, and
S-fluoro-3-(trifluoromethyl)sulfolane, from the standpoint
that these sulfolane compounds have high 1onic conductivity
and bring about high 1input/output characteristics.

Examples of the chain sulfones include dimethyl sulfone,
cthyl methyl sulfone, diethyl sulfone, n-propyl methyl sul-
fone, n-propyl ethyl sulfone, di-n-propyl sulifone, 1sopropyl
methyl sulfone, 1sopropyl ethyl sulfone, diisopropyl sulfone,
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n-butyl methyl sulfone, n-butyl ethyl sulfone, t-butyl methyl
sulfone, t-butyl ethyl sulfone, monofluoromethyl methyl sul-
tone, difluoromethyl methyl sulfone, trifluoromethyl methyl
sulfone, monofluoroethyl methyl sulfone, difluoroethyl
methyl sulfone, trifluoroethyl methyl sulfone, pentatluoroet-
hyl methyl sulfone, ethyl monofluoromethyl sulifone, ethyl
difluoromethyl sulfone, ethyl trifluoromethyl sulfone, per-
fluoroethyl methyl sulfone, ethyl trifluoroethyl sulfone, ethyl
pentatluoroethyl sulfone, di(trifluoroethyl) sulfone, pertluo-
rodiethyl sulfone, fluoromethyl n-propyl sulfone, difluorom-
cthyl n-propyl sulfone, trifluoromethyl n-propyl sulione,
fluoromethyl 1sopropyl sulfone, difluoromethyl isopropyl
sulfone, trifluoromethyl 1sopropyl sulione, trifluoroethyl
n-propyl sulfone, tritluoroethyl isopropyl sulfone, pentatiuo-
roethyl n-propyl sulfone, pentatluoroethyl 1sopropyl sulione,
tritfluoroethyl n-butyl sulfone, trifluoroethyl t-butyl sulfone,
pentatluoroethyl n-butyl sulfone, and pentatluoroethyl t-butyl
sulifone.

Preferred of these are dimethyl sulfone, ethyl methyl sul-
fone, diethyl sulifone, n-propyl methyl sulfone, isopropyl
methyl sulfone, n-butyl methyl sulifone, t-butyl methyl sul-
fone, monofluoromethyl methyl sulfone, difluoromethyl
methyl sulfone, trifluoromethyl methyl sulfone, monofluoro-
cthyl methyl sulfone, difluoroethyl methyl sulfone, trifluoro-
ethyl methyl sulifone, pentafluoroethyl methyl sulfone, ethyl
monofluoromethyl sulfone, ethyl difluoromethyl sulione,
cthyl trifluoromethyl sulione, ethyl trifluoroethyl sulione,
cthyl pentatluoroethyl sulfone, trifluoromethyl n-propyl sul-
fone, tritfluoromethyl 1sopropyl sulfone, trifluoroethyl n-butyl
sulfone, trifluoroethyl t-butyl sulfone, trifluoromethyl n-butyl
sulfone, trifluoromethyl t-butyl sulfone, and the like, from the
standpoint that these sulfone compounds have high ionic
conductivity and bring about high mput/output characteris-
tics.

The amount of the sulfone compound to be incorporated,
per 100% by mass the nonaqueous solvent, usually is prefer-
ably 0.3% by mass or more, more preferably 0.5% by mass or
more, even more preferably 1% by mass or more, and 1s
preferably 40% by mass or less, more preferably 35% by
mass or less, even more preferably 30% by mass or less. So
long as the amount thereof 1s within that range, 1t 1s easy to
obtain the effect of improving durability such as cycle char-
acteristics and storability. In addition, the viscosity of the
nonaqueous electrolytic solution can be regulated so as to be
within a proper range, and a decrease 1n electrical conductiv-
ity can be avoided. Furthermore, it 1s easy to avoid the trouble

that the nonaqueous-electrolyte battery decreases in charge/
discharge capacity retention when charged and discharged at
a high current density.
<Electrolytes>

Examples of electrolytes which can be contained 1n the
nonaqueous electrolytic solutions to be used 1n the mnvention
include lithium fluorophosphates, lithium sulfonates, and
imide lithium salts. Preferred of these lithium salts are com-
pounds having the high ability to be adsorbed onto or interact
with the surface of the positive-electrode active material. In
the case where a compound having the high ability to be
adsorbed onto or interact with the electrode surface 1s used,
the resistance of the coating film on the electrode surface can
be prevented from increasing excessively, while maintaining
thermal and chemical durability. As a result, not only high
high-temperature storability and cycle characteristics can be
imparted, but also an improvement in high-rate characteris-
tics and an 1ncrease 1n output can be attained in the battery
which has undergone a durability test. Besides those lithium
salts, any desired lithium salts can be used.
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<Lithium Fluorophosphates>

Examples of the lithium fluorophosphates include lithtum
fluorophosphate and lithium difluorophosphate. Such lithium
salts may be used 1in combination. In particular, lithium dif-
luorophosphate 1s preferred because this lithium salt has the
high ability to be adsorbed onto or interact with the surface of
the electrode active material.
<LLithium Sulfonates>

Examples of the lithium sulfonates include lithium meth-
anesulfonate, lithium monofluoromethanesulfonate, lithium
difluvoromethanesulfonate, and lithium trifluoromethane-
sulfonate. Such lithium salts may be used in combination. In
particular, lithium trifluoromethanesulionate 1s preferred
because this lithium salt has the high ability to be adsorbed
onto or interact with the surface of the electrode active mate-

rial.
<Imide Lithium Salts>

Examples of the imide lithium salts include LiN(FCO, ).,
LIN(FCO)(FSQO,), LIN(FSO,),, LIN(FSO,)(CF;50,), LiN
(CF,S0,),, LIN(C,F.SO,),, the lithium salt of cyclic 1,2-
pertluoroethanedisulionylimide, the lithium salt of cyclic
1, 3-perfluoropropanedisultonylimide, and LiN(CF,SO.,)
(C,F.S0,). Such salts may be used 1n combination. In par-
ticular, LiN(FCO)FSO,), LiIN(FSO,),, LiN(FSO,)
(CF;S0,), LIN(CF;50,),, LIN(C,F:SO,),, and the lithium
salt of cyclic 1,2-perfluoroethanedisulfonylimide are pre-
terred because these lithium salts have the high ability to be
adsorbed onto or interact with the surface of the electrode
active material.
<Other Lithium Salts>

Examples of lithtum salts other than the lithtum fluoro-
phosphates, lithum sulifonates, and 1mide Ilithium salts
include:

carboxylic acid lithium salts such as lithium formate,
lithium acetate, lithium monofluoroacetate, lithium difluoro-

acetate, and lithium trifluoroacetate:
lithium methide compounds such as LiC(FSO,);, LiC

(CF;S0O,),, and LiC(C,F.SO,);;

lithium oxalatoborate salts such as lithtum difluorooxala-
toborate and lithium bis(oxalato)borate;

lithium oxalatophosphate salts such as lithium tetratiuo-
rooxalatophosphate, lithium difluorooxalatophosphate, and
lithium tris(oxalato )phosphate; and

other fluorine-containing organolithium salts such as
LiBF ,, LiPF ,(CF,),, LiPF,(C,Fs),, LiPF,(CF;S0,),, LiBF,
(C,F.SO.,),, LiBF,(CF,)*, LiBF,(C,F.),, LiBF (CF.SO.,).,
and L1BF,(C,FSO,),.

Preferred of these, for use as main electrolytes for the
nonaqueous electrolytic solutions, are L1PF,, LiBF , lithtum
tritfluoromethanesulionate, LIN(FSQO,),, LIN(FSO,)
(CF;S0O,), LiN(CF;50,),, LIN(C,F.SO,),, the lithium salt
of cyclic 1,2-perfluoroethanedisulfonylimide, and the lithium
salt of cyclic 1,3-perfluoropropanedisulionylimide from the
standpoint of improving battery performance.

The concentration of each of these main electrolytes in the
nonaqueous electrolytic solutions 1s not particularly limited.
However, the concentration thereof 1s generally 0.5 mol/LL or
higher, preferably 0.6 mol/LL or higher, more preferably 0.7
mol/L or higher, and 1s generally 3 mol/L or less, preferably
2 mol/LL or less, more preferably 1.8 mol/L or less, especially
preferably 1.5 mol/LL or less. In the case where the concen-
tration of the electrolyte added 1s within that range, the effect
of improving battery characteristics 1s suificiently produced
and 1t 1s easy to avoid the trouble that the resistance of charge
movement 1increases to reduce charge/discharge perfor-
mance.
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One of those main electrolytes for the nonaqueous electro-
lytic solutions may be used alone, or two or more thereof may
be used 1n combination. In the case where two or more main

clectrolytes are used 1n combination, a preferred example 1s a
combination of LiPF ; with [1iBF ,, LiN(FSQO,),, LIN(FSO,)
(CF;S0O,), LiN(CF;S0,),, LiN(C,F.SQO,),, the lithium salt
of cyclic 1,2-perfluoroethanedisulionylimide, the lithium salt
of cyclic 1,3-perfluoropropanedisulionylimide, or the like.
This combination has the effect of improving output charac-
teristics, high-rate charge/discharge characteristics, high-
temperature storability, cycle characteristics, etc.

Also 1n the case where two or more main electrolytes are
contained 1n a nonaqueous electrolytic solution, the concen-
tration of the electrolytes 1s not particularly limited. However,
the total concentration of the main electrolytes 1s generally
0.5 mol/L or higher, preferably 0.6 mol/LL or higher, more
preferably 0.7 mol/LL or higher, and 1s generally 3 mol/L or
less, preterably 2 mol/L or less, more preferably 1.8 mol/L or
less, especially preferably 1.5 mol/L or less. In the case where
the concentration of the electrolytes added 1s within that
range, the effect of improving battery characteristics 1s sudfi-
ciently produced and it 1s easy to avoid the trouble that the
resistance of charge amount increases to reduce charge/dis-
charge performance.

It 1s also preferred that an electrolyte other than the main
clectrolytes for the nonaqueous electrolytic solutions should
be added besides one or more of the main electrolytes. Pre-
terred examples of electrolytes to be added when LiPF, 1s
used as a main electrolyte include LiBF ,, lithium monofluo-
rophosphate, lithium difluorophosphate, lithium formate,
lithium acetate, lithium monofluoroacetate, lithium difluoro-
acetate, lithium trifluoroacetate, lithium methanesulfonate,
lithium  monofluoromethanesulfonate, lithium  difluo-
romethanesulfonate, lithium trifluoromethanesulfonate, L.1iN
(FSO,),, LIN(FSO,)(CF;S0O,), lithtum difluorooxalatobo-
rate, lithium tetrafluorooxalatophosphate, and lithium
difluorooxalatophosphate. Addition of these electrolytes has
the effect of improving output characteristics and high-rate
characteristics.

Furthermore, 1t 1s preferred to add lithium fluorophosphate,
lithium  difluorophosphate, lithium trifluoromethane-
sulfonate, LiN(FSO,),, LiIN(FSO,)(CF;SO,), LiIN(CF,
SO, )., LIN(C,FSO,),, the lithium salt of cyclic 1,2-perfluo-
roethanedisulifonylimide, the lithium salt of cyclic 1,3-per-
fluoropropanedisulionylimide, lithtum difluorooxalatobo-
rate, Ilithuum  tetratluorooxalatophosphate,  lithium
difluorooxalatophosphate, or the like besides the main elec-
trolyte, because the addition thereof has the effect of improv-
ing high-temperature storability and cycle characteristics.

The concentration of the electrolyte added to a nonaqueous
clectrolytic solution besides the main electrolyte 1s also not
particularly limited. However, the concentration thereof 1s
preferably 0.01% by mass or higher, more preferably 0.03%
by mass or higher, even more preferably 0.05% by mass or
higher, and 1s preterably 8% by mass or less, more preferably
6% by mass or less, even more preferably 5% by mass or less.
When the concentration of the electrolyte added 1s within that
range, the effect of improving battery characteristics 1s sudfi-
ciently produced and it 1s easy to avoid the trouble that the
resistance of charge movement increases to reduce charge/
discharge performance.

Incidentally, LiBF,, LiN(FSO,),, LIN(FSO,)(CF,SO.,),
LiIN(CF,50,),, LIN(C,F.S0,),, the lithium salt of cyclic
1,2-perfluoroethanedisulionylimide, the lithium salt of cyclic
1,3 -perfluoropropanedisulionylimide, and the like have the
elfect of improving the performance of the battery regardless
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of whether these salts are added as main electrolytes or added
as electrolytes besides a main electrolyte.

<Overcharge Inhibitor>

An overcharge inhibitor can be used 1n the nonaqueous
clectrolytic solutions of the mnvention 1n order to effectively
inhibit the nonaqueous-electrolyte batteries from bursting or
firing when brought into an overcharged state or the like.

Examples of the overcharge inhibitor include: aromatic
compounds such as biphenyl, alkylbiphenyls, terphenyl,
partly hydrogenated terphenyls, cyclohexylbenzene, t-butyl-
benzene, t-amylbenzene, diphenyl ether, and dibenzofuran;
products of partial fluorination of these aromatic compounds,
such as 2-fluorobiphenyl, o-cyclohexylfluorobenzene, and
p-cyclohexylfluorobenzene; and fluorine-containing anisole
compounds such as 2,4-ditluoroanisole, 2,5-difluoroanisole,
2,6-difluoroanisole, and 3,5-difluoroanisole. Preferred of
these are aromatic compounds such as biphenyl, alkylbiphe-
nyls, terphenyl, partly hydrogenated terphenyls, cyclohexyl-
benzene, t-butylbenzene, t-amylbenzene, diphenyl ether, and
dibenzoluran. One of these may be used alone, or two or more
thereol may be used 1n combination. In the case where two or
more compounds are used in combination, the following
combinations are especially preferred from the standpoint of
a balance between overcharge-preventive properties and
high-temperature storability: a combination of cyclohexyl-
benzene with t-butylbenzene or t-amylbenzene; and a com-
bination of at least one member selected from aromatic com-
pounds contamning no oxygen, such as biphenyl,
alkylbiphenyls, terphenyl, partly hydrogenated terphenyls,
cyclohexylbenzene, t-butylbenzene, and t-amylbenzene,
with at least one member selected from oxygen-containing,
aromatic compounds such as diphenyl ether and dibenzotu-
ran.

The amount of the overcharge inhibitor to be incorporated
1s not particularly limited, and the overcharge inhibitor may
be icorporated 1n any desired amount unless the effects of
the invention are considerably lessened thereby. The amount
of the overcharge inhibitor 1s preterably 0.01-5% by mass per
100% by mass the nonaqueous solvent. So long as the amount
thereot 1s within that range, it 1s easy to sufﬁciently produce
the effect of the overcharge inhibitor and 1t 1s easy to avoid the
trouble that battery characteristics including high-tempera-
ture storability decrease. The amount of the overcharge
inhibitor 1s more preferably 0.01% by mass or more, even
more preferably 0.1% by mass or more, especially preferably
0.2% by mass or more, and 1s more preferably 3% by mass or
less, even more preferably 2% by mass or less.

<Other Aids>

Other known aids can be used in the nonaqueous electro-
lytic solutions of the invention. Examples of the other aids
include: carbonate compounds such as erythritane carbonate,
spiro-bis-dimethylene carbonate, and methoxyethyl methyl
carbonate; carboxylic acid anhydrides such as succinic anhy-
dride, glutaric anhydride, maleic anhydride, citraconic anhy-
dride, glutaconic anhydride, 1taconic anhydnide, diglycolic
anhydride, cyclohexanedicarboxylic anhydride, cyclopen-
tanetetracarboxylic dianhydride, and phenylsuccinic anhy-
dride; Spiro compounds such as 2.4,8,10-tetraoxaspiro[3.5]
undecane  and  3,9-divinyl-2.4,8,10-tetraoxaspiro[5.5]
undecane; sulfur—contammg compounds such as busulfan,
sulfolene, diphenyl sulfone, N,N-dimethylmethanesulifona-
mide, and N,N-diethylmethanesulfonamide; nitrogen-con-
taining compounds such as 1-methyl-2-pyrrolidinone, 1-me-
thyl-2-piperidone, 3-methyl-2-oxazolidinone, 1,3-dimethyl-
2-imidazolidinone, and N-methylsuccinimide; hydrocarbon
compounds such as heptane, octane, nonane, decane, and
cycloheptane; and fluorine-containing aromatic compounds
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such as fluorobenzene, difluorobenzene, hexafluorobenzene,
and benzotrifluoride. One of these aids may be used alone, or
two or more thereof may be used in combination. By adding
these aids, capacity retentivity after high-temperature storage
and cycle characteristics can be improved.

The amount of the other aids to be 1ncorporated 1s not
particularly limited, and the other aids may be incorporated in
any desired amount unless the effects of the invention are
considerably lessened thereby. The amount of the other aids 1s
preferably 0.01-5% by mass per 100% by mass the nonaque-
ous solvent. So long as the amount thereof 1s within that
range, 1t 1s easy to suiliciently produce the effects of the other
aids and it 1s easy to avoid the trouble that battery character-
istics including high-load discharge characteristics decrease.
The amount of the other aids to be incorporated 1s more
preferably 0.1% by mass or more, even more preferably 0.2%
by mass or more, and 1s more preferably 3% by mass or less,
even more preferably 1% by mass or less.

The nonaqueous electrolytic solutions described above
include the nonaqueous electrolytic solutions present in inner
parts of the nonaqueous-electrolyte batteries according to the
invention. Specifically, the invention includes: the nonaque-
ous electrolytic solution present 1n a nonaqueous-electrolyte
battery obtained by separately synthesizing constituent ele-
ments for a nonaqueous electrolytic solution, such as a
lithium salt, a solvent, and aids, preparing the nonaqueous
clectrolytic solution from the substantially separate constitu-
ent elements, and 1ntroducing the nonaqueous electrolytic
solution into a battery separately assembled by the method
which will be described later. The invention further includes:
the case 1 which constituent elements for a nonaqueous
clectrolytic solution of the invention are separately intro-
duced 1nto a battery and mixed together within the battery to
thereby obtain the same composition as the nonaqueous elec-
trolytic solution of the invention; and the case 1n which a
compound serving as a component ol a nonaqueous electro-
lytic solution of the invention 1s generated within the non-

aqueous-clectrolyte battery to obtain the same composition as
the nonaqueous electrolytic solution of the invention.

| Battery Configuration]

The nonaqueous-electrolyte batteries of the invention may
have the same battery configuration as conventionally known
nonaqueous-electrolyte batteries. Usually, the batteries of the
invention have a configuration obtained by superposing a
positive electrode and a negative electrode through a porous
film (separator) impregnated with a nonaqueous electrolytic
solution of the mvention and disposing the stack 1n a case
(outer case). Consequently, the shapes of the nonaqueous-
clectrolyte batteries of the imnvention are not particularly lim-
ited, and may be any of cylindrical, prismatic, laminate type,
coin type, large-size, and other shapes.

[Negative Electrode]

The negative-electrode active material to be used 1n the
negative electrode 1s described below. The negative-electrode
active material 1s not particularly limited so long as the active
material 1s capable of electrochemically occluding and
releasing lithtum 1ons. Examples thereof include a carbon-
aceous material, an alloy material, and a lithtum-containing
composite metal oxide material.

[ Negative-Electrode Active Material]

Examples of the negative-electrode active material include
a carbonaceous material, an alloy material, and a lithtum-
containing composite metal oxide material.
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The carbonaceous material to be used as a negative-elec-
trode active material preferably 1s a matenal selected from:
(1) natural graphites;

(2) carbonaceous materials obtained by subjecting artificial
carbonaceous substances and artificial graphitic substances to
a heat treatment at a temperature in the range o1 400-3,200° C.
one or more times;

(3) carbonaceous materials giving a negative-electrode
actrive-material layer which 1s composed of at least two car-
bonaceous substances diflering 1n crystallinity and/or has an
interface where at least two carbonaceous substances differ-
ing in crystallinity are in contact with each other; and

(4) carbonaceous materials giving a negative-clectrode
active-material layer which 1s composed of at least two car-
bonaceous substances differing in orientation and/or has an
interface where at least two carbonaceous substances differ-
ing in orientation are 1n contact with each other.

This 1s because this carbonaceous material brings about a
satisfactory balance between 1nitial 1rreversible capacity and
high-current-density charge/discharge characteristics. One of
the carbonaceous materials (1) to (4) may be used alone, or
two or more thereof may be used 1n any desired combination
and proportion.

Examples of the artificial carbonaceous substances and
artificial graphitic substances 1 (2) above include natural
graphites, coal coke, petroleum coke, coal pitch, petroleum
pitch, carbonaceous substances obtained by oxidizing these
pitches, needle coke, pitch coke, carbon materials obtained by
partly graphitizing these cokes, products of the pyrolysis of
organic substances, such as furnace black, acetylene black,
and pitch-derived carbon fibers, organic substances capable
of carbonization and products of the carbonization thereof, or
solutions obtained by dissolving any of such organic sub-
stances capable of carbonization 1n a low-molecular organic
solvent, e.g., benzene, toluene, xylene, quinoline, or n-hex-
ane, and products of the carbonization of these solutions.

The alloy material to be used as a negative-electrode active
material 1s not particularly limited so long as the materal 1s
capable of occluding and releasing lithium. Use may be made
of elemental lithium, an elemental metal or alloy which forms
a Iithium alloy, or any of compounds thereof, such as oxides,
carbides, nitrides, silicides, sulfides, and phosphides. The
clemental metal or alloy which forms a lithium alloy prefer-
ably 1s a material including any of the metals and semimetals
in Group 13 and Group 14 (that 1s, carbon 1s excluded). More
preferred are elemental aluminum, silicon, and tin (hereinat-
ter, these metals are often referred to as “specific metallic
clements™) and alloys or compounds containing one or more
atoms ol any of these metals. One of such materials may be
used alone, or two or more thereol may be used 1n any desired
combination and proportion.

Examples of the negative-electrode active material includ-
ing atoms of at least one member selected from the specific
metallic elements include: the elemental metal which 1s any
one of the specific metallic elements; alloys constituted of
two or more specific metallic elements; alloys constituted of
one or more specific metallic elements and one or more other
metallic elements; compounds containing one or more spe-
cific metallic elements; and composite compounds, e.g.,
oxides, carbides, nitrides, silicides, sulfides, or phosphides, of
these compounds. By using any of these elemental metals,
alloys, and metal compounds as a negative-electrode active
material, a battery having a higher capacity can be obtained.

Examples of the negative-electrode active material further
include compounds formed by the complicated bonding of
any of those composite compounds to one or more elemental
metals or alloys or to several elements, e.g., nonmetallic
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clements. Specifically, in the case of silicon and tin, for
example, use can be made of an alloy of those elements with
a metal which does not function as a negative electrode. In the
case of tin, for example, use may be made of a complicated
compound constituted of a combination of five to six ele-
ments 1ncluding tin, a metal which functions as a negative
electrode and 1s not silicon, a metal which does not function
as a negative electrode, and a nonmetallic element.

Preferred of those negative-electrode active materials are
the elemental metal which 1s any one of the specific metallic
clements, alloys of two or more of the specific metallic ele-
ments, and oxides, carbides, nitrides, and other compounds of
the specific metallic elements. This 1s because these negative-
clectrode active materials give a battery having a high
capacity per unmit mass. Especially preferred are the elemental
metal(s), alloys, oxides, carbides, nitrides, and the like of
silicon and/or tin from the standpoints of capacity per unit
mass and environmental burden.

The lithium-containing composite metal oxide material to
be used as a negative-electrode active material 1s not particu-
larly limited so long as the matenal 1s capable of occluding
and releasing lithium. However, from the standpoint of high-
current-density charge/discharge characteristics, materials
containing both titanium and lithium are preferred, and
lithium-containing composite metal oxide materials contain-
ing titanium are more preferred. Even more preferred are
composite oxides of lithium and titanium (hereinafter abbre-
viated to “lithium-titanium composite oxides”). Namely, use
of a lithium-titanium composite oxide having a spinel struc-
ture 1s especially preferred because incorporation of this com-
posite oxide mto a negative-electrode active material for non-
aqueous-clectrolyte batteries 1s effective in considerably
reducing output resistance.

Also preferred are lithium-titanium composite oxides 1n
which the lithium or titanium has been replaced by one or
more other metallic elements, e.g., at least one element
selected from the group consisting of Na, K, Co, Al, Fe, i,
Mg, Cr, Ga, Cu, Zn, and Nb.

Such metal oxide preferably is a lithtum-titanium compos-
ite oxide represented by general formula (1) wherein
0.7=x1.5, 1.5=y=<2.3, and O=z=1.6, because the structure
thereof 1s stable during lithium 10n doping/undoping.

Li, Ti, M, O, (1)

[In general formula (1), M represents at least one element
selected from the group consisting of Na, K, Co, Al, Fe, i,
Mg, Cr, Ga, Cu, Zn, and Nb.]

Of the compositions represented by general formula (1),
structures represented by general formula (1) wherein
(a) 1.2=x=1.4, 1.5=y=1.7, and z=0
(b) 1.9=x=<1.1, 1.9=y=2.1, and z=0 or
() 0.7=x=0.9, 2.1=y=2.3, and z=0
are especially preferred because these structures bring about
a satistactory balance among battery performances.

Especially preferred representative compositions of those
compounds are: L1,,,11.,,0, for (a), L1,T11,0, for (b), and
Li,,:11,,,:0, for (c). Preferred examples of the structure
wherein z=0 include Li,,;T1,,,Al, ;O,.
<Properties of Carbonaceous Maternal>

In the case where a carbonaceous material 1s used as a
negative-clectrode active matenal, it 1s desirable that the car-
bonaceous material should have the following properties.

(X-Ray Parameter)

The carbonaceous material preferably has a value of d
(interplanar spacing) for the lattice planes (002), as deter-
mined by X-ray diffractometry in accordance with the
method of the Japan Society for Promotion of Scientific
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Research, of 0.335 nm or larger. The value of d thereof 1s
generally 0.360 nm or less, preferably 0.350 nm or less, more
preferably 0.345 nm or less. The crystallite size (L¢) of the
carbonaceous material, as determined by X-ray diffractom-
etry 1n accordance with the method of the Japan Society for
Promotion of Scientific Research, 1s preferably 1.0 nm or
larger, more preferably 1.5 nm or larger.

(Volume-Average Particle Diameter)

The volume-average particle diameter of the carbonaceous
material, 1n terms of volume-average particle diameter (me-
dian diameter) as determined by the laser difiraction/scatter-
ing method, 1s generally 1 um or more, preferably 3 um or
more, more preferably 5 um or more, especially preferably 7
wm or more, and 1s generally 100 um or less, preferably S0 um
or less, more preferably 40 um or less, even more preferably
30 um or less, especially preferably 25 um or less.

When the volume-average particle diameter thereof 1s less
than the lower limit of that range, there are cases where
irreversible capacity increases, leading to a loss 1n 1nitial
battery capacity. When the volume-average particle diameter
thereol exceeds the upper limit of that range, there are cases
where such a carbonaceous material 1s undesirable from the
standpoint of battery production because an uneven coating
surface 1s apt to result when an electrode 1s produced through
coating fluid application.

Volume-average particle diameter 1s determined by dis-
persing the carbon powder 1n a 0.2% by mass aqueous solu-
tion (about 10 mL) of poly(oxyethylene (degree of polymer-
ization, 20)) sorbitan monolaurate as a surfactant and
examining the dispersion with a laser diffraction/scattering
type particle size distribution analyzer (LA-700, manufac-
tured by HORIBA, Ltd.). The median diameter determined
through this measurement 1s defined as the volume-average

particle diameter of the carbonaceous material 1n the mven-
tion.

(Raman R Value, Raman Half-Value Width)

The Raman R value of the carbonaceous material as deter-
mined by the argon 10on laser Raman spectroscopy 1s generally
0.01 or higher, preterably 0.03 or higher, more preferably 0.1
or higher, and 1s generally 1.5 or lower, preferably 1.2 or
lower, more preferably 1 or lower, especially preferably 0.5 or
lower.

When the Raman R value thereot 1s within that range, 1t 1s
casy to avoid the trouble that the surface of the particles has
too high crystallimty and the number of intercalation sites
into which lithium comes with charge/discharge decreases,
resulting 1n a decrease 1n suitability for charge. In addition, it
1s possible to prevent the trouble that when a coating flmid
containing a carbonaceous material 1s applied to a current
collector and the resultant coating is pressed to heighten the
density of the negative electrode, then the crystals are apt to
orient 1 directions parallel to the electrode plate and this
leads to a decrease 1n load characteristics. Furthermore, it 1s
casy to avoid the trouble that the surface of the particles has
reduced crystallinity and enhanced reactivity with the non-
aqueous electrolytic solution and this leads to a decrease 1n
eificiency and enhanced gas evolution.

The Raman half-value width around 1,580 cm™" of the
carbonaceous material 1s not particularly limited. However,
the half-value width thereof is generally 10 cm™" or more,
preferably 15 c¢cm™' or more, and is generally 100 cm™" or less,
preferably 80 cmm™" or less, more preferably 60 cm™' or less,
especially preferably 40 cm™" or less.

When the Raman half-value width thereof 1s within that
range, 1t 1s easy to avoid the trouble that the surface of the
particles has too high crystallinity and the number of interca-
lation sites 1nto which lithium comes with charge/discharge
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decreases, resulting in a decrease 1n suitability for charge. In
addition, 1t 1s possible to prevent the trouble that when a
coating fluid contaiming a carbonaceous material 1s applied to
a current collector and the resultant coating 1s pressed to
heighten the density of the negative electrode, then the crys-
tals are apt to orient 1n directions parallel to the electrode plate
and this leads to a decrease 1n load characteristics. Further-
more, 1t 1s easy to avoid the trouble that the surface of the
particles has reduced crystallinity and enhanced reactivity
with the nonaqueous electrolytic solution and this leads to a
decrease 1n efliciency and enhanced gas evolution.

The examination for a Raman spectrum 1s made with a
Raman spectrometer (Raman spectrometer manufactured by
Japan Spectroscopic Co., Ltd.). In the examination, a sample
1s charged 1nto a measuring cell by causing the sample to fall
naturally into the cell and the surface of the sample 1n the cell
1s 1rradiated with argon 10n laser light while rotating the cell
in a plane perpendicular to the laser light. The Raman spec-
trum obtained 1s examined for the intensity 1, of a peak PA
around 1,580 cm™" and the intensity 1, of a peak PB around
1,360 cm'. The ratio between these intensities R(R=1./1 ,) is
calculated. The Raman R wvalue calculated through this
examination 1s defined as the Raman R value of the carbon-
aceous material in the invention. Furthermore, the half-value
width of the peak P, around 1,580 cm™' in the Raman spec-
trum obtained 1s measured, and this value 1s defined as the
Raman half-value width of the carbonaceous material 1n the
invention.

Conditions for the Raman spectroscopy are as follows.

Wavelength of argon 1on laser: 514.5 nm

Laser power on sample: 15-25 mW

Resolution: 10-20 cm™

Examination range: 1,100 cm™" to 1,730 cm™

Analysis for Raman R value and Raman half-value width:
background processing

Smoothing: simple average; convolution, 5 points
(4) BE'T Specific Surface Area

The BET specific surface area of the carbonaceous mate-
rial, 1n terms of the value of specific surface area as deter-
mined by the BET method, is generally 0.1 m*-g~" or larger,
preferably 0.7 m*-g~' or larger, more preferably 1.0 m*-g~" or
larger, especially preferably 1.5 m*-g~" or larger, and is gen-
erally 100 m”-g~" or smaller, preferably 25 m”-g™" or smaller,
more preferably 15 m*-g~' or smaller, especially preferably
10 m*-g™" or smaller.

When the BET specific surface area thereof 1s within that
range, this carbonaceous material, when used as a negative-
clectrode matenal, readily accepts lithium during charge and
inhibits lithium deposition from occurring on the electrode
surface. Furthermore, when this carbonaceous material 1s
used as a negative-electrode material, the reactivity thereof
with the nonaqueous electrolytic solution 1s not so high and,
hence, gas evolution 1s slight. A preferred battery therefore 1s
casy to obtain.

The determination of specific surface area by the BET
method 1s made with a surface area meter (a fully automatic
surface area measuring apparatus manufactured by Ohkura
Riken Co., Ltd.) by preliminarily drying a sample at 350° C.
for 15 minutes 1n a nitrogen stream and then measuring the
specific surface area thereol by the gas-flowing nitrogen
adsorption BET one-point method using a nitrogen/helium
mixture gas precisely regulated so as to have a nitrogen pres-
sure of 0.3 relative to atmospheric pressure. The specific
surface area determined through this measurement 1s defined
as the BET specific surface area of the carbonaceous material
in the invention.

1
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(Roundness)

When the carbonaceous material 1s examined for round-
ness as an index to the degree of sphericity thereot, the round-
ness thereof 1s preferably within the range shown below.
Roundness is defined by “Roundness=(length of periphery of >
equivalent circle having the same area as projected particle
shape)/(actual length of periphery of projected particle
shape)”. When a particle has a roundness of 1, this particle
theoretically 1s a true sphere.

The closer to 1 the roundness of carbonaceous-material
particles having a particle diameter in the range of 3-40 um,
the more the particles are desirable. The roundness of the
particles 1s desirably 0.1 or higher, preferably 0.5 or higher,
more preferably 0.8 or higher, even more preferably 0.85 or
higher, especially preferably 0.9 or higher. The higher the
roundness, the more the high-current-density charge/dis-
charge characteristics are improved. Consequently, when car-
bonaceous-material particles have a roundness within that
range, the negative-clectrode active material has improved »¢
suitability for loading and retains low interparticle resistance.
Consequently, short-time high-current-density charge/dis-
charge characteristics are less apt to decrease.

Roundness 1s determined with a flow type particle image
analyzer (FPIA, manufactured by Sysmex Industrial Corp.). 25
About 0.2 g of a sample 1s dispersed 1n a 0.2% by mass
aqueous solution (about 50 mL) of poly(oxyethylene(20))
sorbitan monolaurate as a surfactant, and an ultrasonic wave
of 28 kHz 1s propagated to the dispersion for 1 minute at an
output of 60 W. Thereafter, particles having a particle diam- 30
cter 1n the range of 3-40 um are examined with the analyzer
having a detection range set at 0.6-400 um. The roundness
determined through this measurement 1s defined as the round-
ness of the carbonaceous material 1n the invention.

Methods for improving roundness are not particularly lim- 35
ited. However, a carbonaceous material in which the particles
have been rounded by a rounding treatment 1s preferred
because this material gives an electrode 1n which the inter-
stices among particles are uniform 1n shape. Examples of the
rounding treatment include: a method 1n which shear force or 40
compressive force 1s applied to thereby mechanically make
the shape of the particles close to sphere; and a method of
mechanical/physical treatment 1n which fine particles are
aggregated into particles by means of the bonding force of a
binder or of the fine particles themselves. 45

(Tap Density)

The tap density of the carbonaceous matenal 1s generally
0.1 g'em™ or higher, preferably 0.5 g-cm™ or higher, more
preferably 0.7 g:cm™ or higher, especially preferably 1
g-cm™ or higher, and is preferably 2.2 g-cm™ or less, more 50
preferably 2.1 g-cm™ or less, especially preferably 2.0
g-cm™ or less. In the case where the tap density thereof is
within that range, this carbonaceous material, when used in a
negative electrode, can attain an increase in loading density to
render a high-capacity battery easy to obtain. Furthermore, 55
the amount of iterparticle interstices 1n the electrode 1s not
excessively small and, hence, electrical conductivity among
the particles 1s ensured. Thus, it 1s easy to obtain preferred
battery characteristics.

Tap density 1s determined by dropping a sample through a 60
sieve having an opening size of 300 um into a 20-cm” tapping
cell to fill the cell with the sample up to the brim, subsequently
conducting a tapping operation 1,000 times over a stroke
length of 10 mm using a powder densimeter (e.g., Tap Denser,
manufactured by Seishin Enterprise Co., Ltd.), and calculat- 65
ing the tap density from the resultant volume of the sample
and the weight thereof. The tap density calculated through
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this measurement 1s defined as the tap density of the carbon-
aceous material in the mvention.

(Orientation Ratio)
The orientation ratio of the carbonaceous material 1s gen-
crally 0.005 or greater, preferably 0.01 or greater, more pret-
erably 0.015 or greater, and 1s generally 0.67 or less. When the
orientation ratio thereof 1s within that range, 1t 1s easy to avoid
the trouble that high-density charge/discharge characteristics
decrease. The upper limit of that range 1s a theoretical upper
limit of the orientation ratio of carbonaceous materials.

Orientation ratio 1s determined by X-ray diffractometry
after a sample 1s molded by compaction. A molded object
obtained by packing 0.47 g of a sample into a molding
machine having a diameter of 17 mm and compacting the
sample at 58.8 MN-m™~ is set with clay on a sample holder for
examination so as to be flush with the holder. This sample 1s
examined for X-ray diffraction. From the intensities of the
resultant (110) diffraction peak and (004 ) diffraction peak for
the carbon, the ratio represented by (110) diffraction peak
intensity/(004) diffraction peak intensity 1s calculated. The
orientation ratio calculated through this measurement is
defined as the onientation ratio of the carbonaceous material
in the invention.

Conditions for the X-ray diffractometry are as follows.
Incidentally, “20” represents diffraction angle.

Target: Cu (Ka line) graphite monochromator

Slits:

Divergence slit=0.5 degrees

Receiving slit=0.15 mm

Scattering slit=0.5 degrees

Examination range and step angle/measuring time:

(110) plane: 75° = 20 = 80° 1°/60 sec
(004) plane: 52° < 20 < 57° 1°/60 sec

(Aspect Ratio (Powder))

The aspect ratio of the carbonaceous material 1s generally
1 or greater, and 1s generally 10 or less, preferably 8 or less,
more preferably 5 or less. When the aspect ratio thereof 1s
within that range, 1t 1s easy to avoid the trouble that the
carbonaceous material causes streak lines in electrode plate
formation and an even coating surface cannot be obtained,
resulting 1n a decrease 1n high-current-density charge/dis-
charge characteristics. Incidentally, the lower limit of that
range 1s a theoretical lower limit of the aspect ratio of carbon-
aceous materals.

In determining aspect ratio, particles of the carbonaceous
material are examined with a scanning electron microscope
with enlargement. Fiity are arbitrarily selected from graphite
particles fixed to an edge face of a metal having a thickness of
50 um or smaller, and each particle 1s examined in a three-
dimensional manner while rotating and inclining the stage to
which the sample 1s fixed. In this examination, the length of
the longest axis A of each carbonaceous-material particle and
the length of the shortest axis B perpendicular to that axis are
measured, and the average of the A/B values 1s determined.
The aspect ratio (A/B) determined through this measurement
1s defined as the aspect ratio of the carbonaceous material 1n
the mnvention.
<Configuration ol Negative Electrode and Method of Produc-
tion Thereof>

Any known method can be used for electrode production
unless this considerably lessens the effects of the mvention.
For example, a binder and a solvent are added to a negative-
clectrode active material optionally together with a thickener,
conductive matenal, filler, etc. to obtain a slurry and this
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slurry 1s applied to a current collector and dried. Thereatfter,
the coated current collector 1s pressed. Thus, an electrode can
be formed.

In the case where an alloy matenial 1s employed, use may be
made of a method 1n which a thin-film layer containing the
negative-clectrode active material described above (negative-
clectrode active-maternial layer) 1s formed by a technique such
as vapor deposition, sputtering, or plating.

(Current Collector)

As the current collector for holding the negative-electrode
active material, a known current collector can be used at will.
Examples of the current collector for the negative electrode
include metallic materials such as copper, nickel, stainless
steel, and nickel-plated steel. Copper 1s especially preferred
from the standpoints of processability and cost.

In the case where the current collector 1s a metallic mate-
rial, examples of the shape of the current collector include
metal foils, metal cylinders, metal coils, metal plates, thin
metal films, expanded metals, punching metals, and metal
toam. Preferred of these are thin metal films. More preferred
are copper foils. Even more preferred are a rolled copper 1o1l,
which 1s produced by the rolling process, and an electrolytic
copper foil, which 1s produced by the electrolytic process.
Either of these can be used as a current collector.

The thickness of the current collector 1s generally 1 um or
more, preferably 5 um or more, and 1s generally 100 um or
less, preferably 50 um or less. When the thickness of the
negative-electrode current collector 1s within that range, the
current collector does not considerably reduce the capacity of
the whole battery and 1s easy to handle.

(Thickness Ratio Between Current Collector and Nega-
tive-Electrode Active-Material Layer)

The thickness ratio between the current collector and the
negative-clectrode active-material layer 1s not particularly
limited. However, the value of “(thickness of the negative-
clectrode active-material layer on one surface just before
impregnation with nonaqueous electrolytic solution)/(thick-
ness of the current collector)” 1s preferably 150 or less, more
preferably 20 or less, especially preferably 10 or less, and 1s
preferably 0.1 or greater, more preferably 0.4 or greater,
especially preferably 1 or greater. When the thickness ratio
between the current collector and the negative-electrode
active-material layer 1s within that range, this current collec-
tor 1s less apt to be heated up by Joule’s heat during high-
current-density charge/discharge. Furthermore, 1t 1s easy to
avoid the trouble that the proportion by volume of the current
collector to the negative-electrode active material increases to
reduce the capacity of the battery.

(Binder)

The binder for binding the negative-electrode active mate-
rial 1s not particularly limited so long as it 1s stable to the
nonaqueous electrolytic solution and to the solvent to be used
tfor electrode production.

Examples thereol include resinous polymers such as poly-
cthylene, polypropylene, poly(ethylene terephthalate), poly
(methyl methacrylate), aromatic polyamides, cellulose, and
nitrocellulose; rubbery polymers such as SBR (styrene/buta-
diene rubbers), 1soprene rubbers, butadiene rubbers, fluo-
rorubbers, NBR (acrylonitrile/butadiene rubbers), and ethyl-
ene/propylene rubbers; styrene/butadiene/styrene block
copolymers or products of hydrogenation thereof; thermo-
plastic elastomeric polymers such as EPDM (ethylene/pro-
pylene/diene terpolymers), styrene/ethylene/butadiene/sty-
rene copolymers, and styrene/isoprene/styrene block
copolymers or products of hydrogenation thereof; tlexible
resinous polymers such as syndiotactic 1,2-polybutadiene,
poly(vinyl acetate), ethylene/vinyl acetate copolymers, and
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propylene/a-olefin  copolymers; fluorochemical polymers
such as poly(vinylidene fluoride), polytetrafluoroethylene,
fluorinated poly(vinylidene fluoride), and polytetratluoroet-
hylene/ethylene copolymers; and polymer compositions hav-
ing the property of conducting alkali1 metal 1ons (especially
lithium 10ns). One of these binders may be used alone, or two
or more thereol may be used 1n any desired combination and
proportion.

The proportion of the binder to the negative-electrode
active material 1s preferably 0.1% by mass or higher, more
preferably 0.5% by mass or higher, especially preferably
0.6% by mass or higher, and 1s preferably 20% by mass or
lower, more preferably 15% by mass or lower, even more
preferably 10% by mass or lower, especially preferably 8%
by mass or lower. When the proportion of the binder to the
negative-electrode active material 1s within that range, it 1s
casy to avoid the trouble that the proportion of the binder
which does not contribute to battery capacity increases and
this leads to a decrease in battery capacity. Furthermore, the
negative electrode 1s inhibited from having a reduced
strength.

Especially when the binder includes a rubbery polymer
represented by SBR as the main component, the proportion of
this binder to the negative-electrode active material 1s gener-
ally 0.1% by mass or higher, preferably 0.5% by mass or
higher, more preferably 0.6% by mass or higher, and 1s gen-
erally 5% by mass or lower, preferably 3% by mass or lower,
more preferably 2% by mass or lower. In the case where the
binder includes a fluorochemical polymer represented by
poly(vinylidene tfluoride) as the main component, the propor-
tion of this binder to the negative-electrode active material 1s
generally 1% by mass or higher, preferably 2% by mass or
higher, more preferably 3% by mass or higher, and 1s gener-
ally 15% by mass or lower, preferably 10% by mass or lower,
more preferably 8% by mass or lower.

(Solvent for Slurry Formation)

The kind of the solvent to be used for forming a slurry 1s not
particularly limited so long as the negative-electrode active
material and binder and the thickener and conductive material
which are optionally used according to need can be dissolved
or dispersed therein. Fither an aqueous solvent or an organic
solvent may be used.

Examples of the aqueous solvent include water and alco-
hols. Examples of the organic solvent include N-methylpyr-
rolidone (NMP), dimethylformamide, dimethylacetamide,
methyl ethyl ketone, cyclohexanone, methyl acetate, methyl
acrylate, diethyltriamine, N,N-dimethylaminopropylamine,
tetrahydrofuran (THF), toluene, acetone, diethyl ether, dim-
cthylacetamide, hexamethylphosphoramide, dimethyl sul-
foxide, benzene, xylene, quinoline, pyridine, methylnaphtha-
lene, and hexane.

Especially when an aqueous solvent 1s used, 1t 1s preferred
to add a dispersant or the like 1n combination with a thickener
and prepare a slurry using a latex of, for example, SBR. One
ol those solvents may be used alone, or two or more thereof
may be used 1n any desired combination and proportion.

(Thickener)

A thickener 1s used generally for the purpose of regulating
the slurry viscosity. The thickener 1s not particularly limaited.
Examples thereol include carboxymethyl cellulose, methyl
cellulose, hydroxymethyl cellulose, ethyl cellulose, poly(vi-
nyl alcohol), oxidized starch, phosphorylated starch, casein,
and salts of these. One of these thickeners may be used alone,
or two or more thereof may be used in any desired combina-
tion and proportion.

In the case where such a thickener i1s further added, the
proportion of the thickener to the negative-electrode active
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material 1s generally 0.1% by mass or higher, preterably 0.5%
by mass or higher, more preferably 0.6% by mass or higher,
and 1s generally 5% by mass or lower, preferably 3% by mass
or lower, more preferably 2% by mass or lower.

When the proportion of the thickener to the negative-elec-
trode active material 1s lower than the lower limit of that
range, there are cases where applicability decreases consid-
erably. When the proportion thereot 1s within that range, the
proportion of the negative-electrode active material in the
negative-clectrode active-material layer 1s appropriate, and it
1s easy to avoid the problem that battery capacity decreases
and the trouble that resistance among the particles of the
negative-electrode active material increases.

(Electrode Density)

When the negative-electrode active material 1s used to form
an electrode, the electrode structure 1s not particularly lim-
ited. However, the density of the negative-electrode active
material present on the current collector 1s preferably 1
g-cm " or higher, more preferably 1.2 g-cm™ or higher, espe-
cially preferably 1.3 g.cm™ or higher, and is preferably 2
g-cm™ or less, more preferably 1.9 g-cm™ or less, even more
preferably 1.8 g.cm™ or less, especially preferably 1.7
g-cm™ or less. When the density of the negative-electrode
active material present on the current collector 1s within that
range, 1t 1s easy to avoid the trouble that the negative-elec-
trode active-material particles are broken and this increases
the 1mitial 1irreversible capacity and reduces the infiltration of
a nonaqueous electrolytic solution into around the current
collector/negative-electrode active matenal interface, result-
ing 1 a deterioration in high-current-density charge/dis-
charge characteristics. Furthermore, 1t 1s also possible to
avoid the trouble that electrical conductivity among the nega-
tive-electrode active-material particles decreases and this
increases battery resistance, resulting 1n a decrease 1n capac-
ity per unit volume.

(Thickness of Negative-Electrode Plate)

The thickness of the negative-electrode plate 1s designed so
as to be suited for the positive-electrode plate to be used, and
1s not particularly limited. However, 1t 1s desirable that the
thickness of the mix layer, 1.e., the thickness of the negative-
clectrode plate excluding the metal foi1l serving as a core,
should be generally 15 um or more, preferably 20 um or more,
more preferably 30 um or more, and be generally 150 pum or
less, preterably 120 um or less, more preferably 100 um or
less.

[Positive Electrode]

The positive electrode to be used 1 each of the lithium
secondary batteries of the mvention 1s explained below.

[Positive-Electrode Active Material|

The positive-electrode active material to be used in the
positive electrode 1s described below.

(Composition)

The nonaqueous-electrolyte batteries of the invention are
equipped with a positive-electrode active material including,
as a basic composition, a lithtum-containing phosphoric acid
compound represented by LixMPO, (wherein M 1s at least
one element selected from the group consisting of Group-2 to
Group-12 metals of the periodic table, and x satisfies
0<x=1.2).

The lithtum-containing phosphoric acid compound prefer-
ably 1s a compound represented by LixMPO,, (wherein M 1s at
least one element selected from the group consisting of the
Group-4 to Group-11 transition metals in the fourth period of
the periodic table, and x satisfies O<x=1.2).

It 1s preferred that M in the formula LixMPO,, should be at
least one element selected from the group consisting of Mg,
/n, Ca, Cd, Sr, Ba, Co, N1, Fe, Mn, and Cu. It 1s more

10

15

20

25

30

35

40

45

50

55

60

65

30

preferred that M should be at least one element selected from
the group consisting of Co, N1, Fe, and Mn. Of these phos-
phoric acid compounds, 1ron lithtum phosphate of an olivine
structure having the basic composition LiFePO,, 1s especially
suitable because this compound 1s less apt to sufler metal
dissolution when 1n a high-temperature charged state and 1s
inexpensive.

The expression “including LixMPO,, as a basic composi-
tion” used above means that not only compounds having a
composition represented by the empirical formula but also
compounds in which the Fe or other sites 1n the crystal struc-
ture have been partly replaced by another element are
included. Furthermore, that expression means that not only
compounds having the stoichiometric composition but also
compounds having non-stoichiometric compositions which
include, for example, sites where part of the elements is
deficient are included. It 1s preferred that the element which
replaces should be an element such as Al, T1, V, Cr, Mn, Fe,
Co, L1, N1, Cu, Zn, Mg, Ga, Zr, or S1. In the case where
replacement by such an element 1s conducted, the degree of
replacement 1s preferably 0.1-5 mol %, more preferably 0.2-
2.5 mol %.

Although the positive-electrode active material includes
the LixMPQO, as a main component, 1t 1s possible to use this
compound in combination with a lithium-transition metal
composite oxide such as, for example, a lithium-manganese
composite oxide, lithium-cobalt composite oxide, lithium-
nickel composite oxide, lithtum-nickel-cobalt composite
oxide, lithium-nickel-manganese composite oxide, or
lithium-nickel-manganese-cobalt composite oxide. It 1s pre-
terred that the positive-electrode active material includes the
LixMPQO, in an amount of 20 wt % or more. In this case, the
charge/discharge cycle characteristics of the nonaqueous-
clectrolyte battery can be further improved. It 1s more pre-
terred that the content of the LixMPO,, should be 40 wt % or
higher.

It 1s also possible to use two or more compounds repre-
sented by LixMPO, 1n combination. Preferred examples of
such combinations include: LixFePO, and LixMnPO,;
LixFePO, and LixCoPO,; and LixFePO, and L1xN1PO,,. Use
of such a combination can improve battery operating voltage
while maintaining safety. An especially preferred combina-
tion among these 1s a combination of LixFePO, and LixM-
nPO,, because this combination brings about excellent dura-
bility, such as high-temperature storability and cycle
characteristics, besides the improvements 1n safety and bat-
tery operating voltage.

(Surface Coating)

As a positive-clectrode active material, use may be made of
a material composed of LixMPO, and, adherent to the surface
thereol, a substance having a composition different there-
from. Examples of the surface-adherent substance include
oxides such as aluminum oxide, silicon oxide, titanium oxide,
zircomum oxide, magnesium oxide, calctum oxide, boron
oxide, antimony oxide, and bismuth oxide, sulfates such as
lithium sulfate, sodium sulfate, potassium sulfate, magne-
sium sulfate, calcium sulfate, and aluminum sulfate, carbon-
ates such as lithium carbonate, calcium carbonate, and mag-
nesium carbonate, and carbon.

Those surface-adherent substances each can be adhered to
the surface of the positive-electrode active maternial, for
example, by: a method 1n which the substance 1s dissolved or
suspended 1n a solvent and this solution or suspension 1s
infiltrated into the positive-electrode active material and then
dried; a method 1n which a precursor for the surface-adherent
substance 1s dissolved or suspended 1n a solvent and this
solution or suspension 1s infiltrated into the positive-electrode
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active material and then heated or otherwise treated to react
the precursor; or a method 1n which the substance 1s added to
a precursor for the positive-electrode active material and heat-
treated together with the precursor. In the case where carbon
1s to be adhered, use may be made of a method 1 which a
carbonaceous substance 1s mechanically adhered later 1n the
form of, for example, activated carbon or the like.

With respect to the amount of the surface-adherent sub-
stance to be used, the lower limit of the amount thereof, in
terms of mass ppm of the positive-electrode active material, 1s
preferably 0.1 ppm or more, more preferably 1 ppm or more,
even more preferably 10 ppm or more. The upper limit thereof
1s preferably 20% or less, more preferably 10% or less, even
more preferably 5% or less, 1n terms of mass % based on the
positive-clectrode active material. The surface-adherent sub-
stance can inhibit the electrolytic solution from undergoing
an oxidation reaction on the surface of the positive-electrode
active material, and an improvement in battery life can hence
be attained. This effect 1s enhanced when the substance has
been adhered 1n an appropriate amount.

In the mvention, a material composed of a positive-elec-
trode active material made of LixMPO,, and, adherent to the
surface thereot, a substance having a composition different
from the composition of the active material 1s also referred to
as “positive-electrode active material”.

(Shape)

The shape of the particles of the positive-electrode active
material 1n the invention may be any of massive, polyhedral,
spherical, ellipsoidal, platy, acicular, columnar, and other
shapes such as those 1n common use. Preferred of these 1s one
in which the primary particles have aggregated to form sec-
ondary particles and these secondary particles have a spheri-
cal or ellipsoidal shape. In electrochemical elements, the
active material 1n each electrode usually expands/contracts
with the charge/discharge of the element and, hence, a dete-
rioration, such as active-material breakage or conduction path
breakage, that 1s caused by the resultant stress 1s apt to occur.
Consequently, a positive-electrode active material in which
the primary particles have aggregated to form secondary par-
ticles 1s preferable to an active material composed of primary
particles only since the particles 1n the former active material
relieve the stress caused by expansion/contraction to prevent
the deterioration. Furthermore, particles of a spherical or
cllipsoidal shape are preferable to particles showing axial
orientation, €.g., platy particles, because the former particles
are less apt to orient during electrode forming and hence this
clectrode 1s reduced 1n expansion/contraction during charge/
discharge, and because these particles are apt to be evenly
mixed with a conductive material 1n electrode production.

(Tap Density)

The tap density of the positive-electrode active material 1s
preferably 0.1 g/cm? or higher, more preferably 0.2 g/cm” or
higher, even more preferably 0.3 g/cm” or higher, most pref-
erably 0.4 g/cm’ or higher. In case where the tap density of the
positive-clectrode active material 1s lower than the lower limit
of that range, not only it 1s necessary to use a larger amount of
a dispersion medium and larger amounts of a conductive
material and a binder in forming a positive-electrode active-
material layer, but also there are cases where the loading of
the positive-electrode active material in the positive-electrode
active-material layer 1s limited, resulting in a limited battery
capacity. By using a composite-oxide power having a high tap
density, a positive-electrode active-matenial layer having a
high density can be formed. The higher the tap density, the
more the positive-electrode active material 1s generally pre-
terred. There 1s no particular upper limit on the tap density.
However, when the tap density thereof 1s too high, there are
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cases where the diffusion of lithium ions in the positive-
clectrode active-material layer through the electrolytic solu-
tion as a medium becomes a rate-determining stage and this 1s
apt to reduce load characteristics. Consequently, the upper
limit thereof’is preferably 2.0 g/cm’ or lower, more preferably
1.8 g/cm” or lower.

In the mvention, the tap density of a positive-electrode
active-material powder 1s determined by placing 5-10 g of the
powder 1n a 10-mL measuring cylinder made of glass, con-
ducting a tapping operation 200 times over a stroke of about
20 mm, and determining the density of the thus-densified
powder (tap density) in terms of g/cc.

(Median Diameter d.,)

The median diameter d., (secondary-particle diameter 1n
the case where the primary particles have aggregated to form
secondary particles) of the particles of the positive-electrode
active material 1s preferably 0.1 um or more, more preferably
0.2 um or more, even more preferably 0.3 um or more, most
preferably 2 um or more. The upper limit thereof 1s preferably
20 um or less, more preferably 18 um or less, even more
preferably 16 um or less, most preferably 15 um orless. When
the median diameter d., thereot 1s less than the lower limiut,
there are cases where a product having a high tap density
cannot be obtained. In case where the median diameter
thereol exceeds the upper limait, lithtum diffusion within 1ndi-
vidual particles requires a longer period and this results 1n a
decrease 1n battery performance. In addition, there are cases
where when such positive-electrode active-material particles
are used 1n producing a positive electrode for batteries, 1.e.,
when the active material and other ingredients including a
conductive material and a binder are slurried with a solvent
and this slurry 1s applied 1n a thin-film form, then the active
material poses a problem, for example, that streak lines gen-
erate. It1s possible to further improve loading during positive-
clectrode production by mixing two or more positive-clec-
trode active materials differing 1n median diameter d.,.

Median diameter d., 1n the invention 1s determined with a
known laser difiraction/scattering type particle size distribu-
tion analyzer. In the case where LA-920, manufactured by
HORIBA Ltd., 1s used as a particle size distribution analyzer,
a 0.1% by mass aqueous solution of sodium hexametaphos-
phate 1s used as a dispersion medium for measurement to
conduct a 5-minute ultrasonic dispersing treatment, before
the particles are examined at a measuring refractive index set
at 1.24.

(Average Primary-Particle Diameter)

In the case where the primary particles have aggregated to
form secondary particles, the average primary-particle diam-
cter of this positive-electrode active matenal 1s preferably
0.02 um or more, more preferably 0.03 um or more, even
more preferably 0.05 um or more. The upper limit thereof 1s
preferably 2 um or less, more preferably 1.6 um or less, even
more preferably 1.3 um or less, most preferably 1 um or less.
When the average primary-particle diameter thereof 1s within
that range, spherical secondary particles are apt to be formed.
It 1s hence easy to avoid the trouble that the shape of second-
ary particles adversely affects powder loading or results 1n a
considerably reduced specific surface area, resulting 1n a
higher possibility that battery performance, such as output
characteristics, might decrease. Furthermore, since crystal
growth 1s insuificient, this positive-electrode active material
1s less apt to pose problems such as, for example, poor charge/
discharge reversibility.

Average primary-particle diameter 1s determined through
an examination with a scanning electron microscope (SEM).
Specifically, arbitrarily selected 50 primary-particle images
in a photograph having a magnification of 10,000 diameters
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cach are examined for the length of the longest segment of a
horizontal line which extends across the primary-particle
image from one side to the other side of the boundary. These
measured lengths are averaged to determine the average
value.

(BET Specific Surface Area)

The BET specific surface area of the positive-clectrode
active material to be used 1n the secondary batteries of the
invention is preferably 0.4 m*/g or larger, more preferably 0.5

m~/g or larger, even more preferably 0.6 m*/g or larger. The
upper limit thereof may be 50 m*/g or smaller, preferably 40

m~/g or smaller, even more preferably 30 m*/g or smaller.
When the BET specific surface area thereof 1s within that
range, battery performance can be inhibited from decreasing,
and satisfactory applicability 1s obtained when a positive-
clectrode active-matenal layer 1s formed.
BET specific surface area 1s measured with a surface area
meter (a fully automatic surface area measuring apparatus
manufactured by Ohkura Riken Co., Ltd.) in the following
manner. A sample 1s preliminarily dried at 150° C. for 30
minutes 1 a nitrogen stream, and the specific surface area
thereol 1s thereafter determined by the gas-tflowing nitrogen
adsorption BET one-point method using a nitrogen/helium
mixture gas precisely regulated so as to have a nitrogen pres-
sure of 0.3 relative to atmosphere pressure. The value deter-
mined through this measurement 1s defined as the BET spe-
cific surface area of the positive-electrode active material.

(Processes for Production)

For producing the positive-electrode active material, tech-
niques which are in general use as processes for producing
inorganic compounds may be used. Especially for producing
a spherical or ellipsoidal active material, various techniques
may be used. Examples thereol include a method which
includes dissolving or pulverizing/dispersing a phosphorus
source, €.g., phosphoric acid, and a source of the M as a
component of LixMPO,, 1n a solvent, e.g., water, regulating
the pH of the solution or dispersion with stirring to produce a
spherical precursor, recovering and optionally drying the pre-
cursor, subsequently adding thereto a lithium source, e.g.,
L10OH, L1,CO,, or LiNO,, and burning the mixture at a high
temperature to obtain the active matenal.

For producing the positive electrode to be used i the
invention, one positive-clectrode active material represented
by LixMPO, and/or one positive-electrode active material
LixMPO, coated with the surface-adherent substance may be
used alone, or may be used together with one or more such
materials differing in composition in any desired combina-
tion or proportion. Here, the proportion of the positive-elec-

trode active material LixMPO, and/or the positive-electrode
active material LixMPO, coated with the surface-adherent
substance 1s preferably 30% by mass or higher, more prefer-
ably 50% by mass or higher, based on all positive-electrode
active materials. When the proportion of the positive-elec-
trode active material LixMPQO, and/or the positive-electrode
active material LixMPO,, coated with the surface-adherent
substance 1s within that range, a preferred battery capacity
can be provided.

Incidentally, “the positive-electrode active matenal
LixMPO, and/or the positive-electrode active material
LixMPO,, coated with the surface-adherent substance” and
“positive-electrode active materials other than the positive-
clectrode active material LixMPO,, and/or the positive-elec-
trode active material LixMPO, coated with the surface-ad-
herent substance™ are inclusively referred to as “positive-
electrode active material™.
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|Configuration of Positive Electrode]

The configuration of the positive electrode to be used in the
invention 1s described below.

(Electrode Structure and Production Process)

The positive electrode to be used 1n the lithium secondary
batteries of the mvention 1s produced by forming a positive-
clectrode active-material layer including a positive-electrode
active material and a binder on a current collector. Namely,
the positive electrode for the lithium secondary batteries of
the mmvention 1s produced by forming a positive-electrode
active-material layer including the positive-electrode active
material and a binder on a current collector. The production of
the positive electrode using a positive-electrode active mate-
rial can be conducted 1n an ordinary manner. Namely, a posi-
tive-electrode active material and a binder are mixed together
by a dry process optionally together with a conductive mate-
rial, thickener, etc. and this mixture 1s formed into a sheet and
press-bonded to a positive-electrode current collector. Alter-
natively, those matenals are dissolved or dispersed 1n a liquid
medium to obtain a slurry and this slurry 1s applied to a
positive-electrode current collector and dried. Thus, a posi-
tive-electrode active-matenal layer 1s formed on the current
collector, and the positive electrode can be thereby obtained.

In the positive-electrode active-matenal layer, the content
of the positive-electrode active material for use in the positive
clectrodes of the lithium secondary batteries of the invention
1s preferably 80% by mass or higher, more preferably 82% by
mass or higher, especially preferably 84% by mass or higher.
The upper limit thereot 1s preferably 97% by mass or lower,
more preferably 95% by mass or lower. When the content of
the positive-electrode active materal in the positive-electrode
active-material layer 1s within that range, an excellent balance
between electrical capacity and the strength of the positive
clectrode 1s obtained.

It 1s preferred that the positive-electrode active-material
layer obtained by coating fluid application and drying should
be pressed and densified with a handpress, roller press, or the
like 1n order to heighten the loading density of the positive-
clectrode active material. The lower limit of the loading den-
sity of the positive-clectrode active-material layer 1s prefer-
ably 1.3 g/cm” or higher, more preferably 1.4 g/cm” or higher,
even more preferably 1.5 g/cm” or higher. The upper limit
thereof is preferably 3.0 g/cm” or less, more preferably 2.5
g/cm” or less, even more preferably 2.3 g/cm” or less.

When the density of the positive-electrode active-material
layer 1s within that range, 1t 1s easy to avoid the trouble that an
clectrolytic solution shows insuificient infiltration into
around the current collector/active material interface and
charge/discharge characteristics especially at a high current
density decrease, making 1t impossible to obtain high output,
and the trouble that electrical conductivity among the active-
material particles decreases to increase battery resistance,
making i1t impossible to obtain high output.

(Conductive Material)

As the conductive material, a known conductive material
can be used at will. Examples thereof include metallic mate-
rials such as copper and nickel; graphites such as natural
graphites and artificial graphites; carbon blacks such as acety-
lene black; and carbon materials such as amorphous carbon,
¢.g., needle coke. One of these materials may be used alone,
or two or more thereof may be used 1n any desired combina-
tion and proportion. The conductive material may be used so
that the material 1s incorporated 1n the positive-clectrode
active-material layer in an amount of generally 0.01% by
mass or more, preferably 0.1% by mass or more, more pret-
erably 1% by mass or more, the upper limit thereof being
generally 50% by mass or less, preferably 30% by mass or
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less, more preterably 15% by mass or less. When the content
thereol 1s within that range, electrical conductivity can be
suificiently ensured and a preferred battery capacity can be

provided.

(Binder)

The binder to be used for producing the positive-electrode
active-material layer 1s not particularly limited. In the case
where the layer 1s to be formed through coating fluid appli-
cation, any binder may be used so long as it 1s a material
which 1s soluble or dispersible 1n the liquid medium for use in
clectrode production. Examples thereol include resinous
polymers such as polyethylene, polypropylene, poly(ethyl-
ene terephthalate), poly(methyl methacrylate), polyimides,
aromatic polyamides, cellulose, and nitrocellulose; rubbery
polymers such as SBR (styrene/butadiene rubbers), NBR
(acrylonitrile/butadiene rubbers), fluororubbers, isoprene
rubbers, butadiene rubbers, and ethylene/propylene rubbers;
thermoplastic elastomeric polymers such as styrene/butadi-
ene/styrene block copolymers or products of hydrogenation
thereot, EPDM (ethylene/propylene/diene terpolymers), sty-
rene/ethylene/butadiene/ethylene copolymers, and styrene/
1soprene/styrene block copolymers or products of hydroge-
nation thereof; flexible resmnous polymers such as
syndiotactic 1,2-polybutadiene, poly(vinyl acetate), ethyl-
ene/vinyl acetate copolymers, and propylene/c-olefin
copolymers; fluorochemical polymers such as poly(vi-
nylidene fluonde) (PVdF), polytetratluoroethylene, fluori-
nated poly(vinylidene fluoride), and polytetrafluoroethylene/
cthylene copolymers; and polymer compositions having the
property of conducting alkali metal 10ns (especially lithium
ions). One of these substances may be used alone, or two or
more thereol may be used 1n any desired combination and
proportion.

The proportion of the binder in the positive-electrode
active-material layer 1s generally 0.1% by mass or higher,
preferably 1% by mass or higher, more preferably 3% by
mass or higher. The upper limit thereof 1s generally 80% by
mass or lower, preferably 60% by mass or lower, more pret-
erably 40% by mass or lower, most preferably 10% by mass
or lower. When the proportion of the binder 1s within that
range, the positive-electrode active maternial can be suifi-
ciently held and, hence, a suitable mechanical strength of the
positive electrode can be provided, making it possible to
provide battery performance including excellent cycle char-
acteristics, without causing a decrease 1n battery capacity or
clectrical conductivity.

(Liquid Medium)

The kind of the liquid medium to be used for forming a
slurry 1s not particularly limited so long as the liquid medium
1s a solvent 1n which the positive-electrode active material,
conductive material, and binder and a thickener, which 1s used
according to need, can be dissolved or dispersed. Either an
aqueous solvent or an organic solvent may be used. Examples
of the aqueous medium include water and mixed solvents
composed of an alcohol and water. Examples of the organic
medium include aliphatic hydrocarbons such as hexane; aro-
matic hydrocarbons such as benzene, toluene, xylene, and
methylnaphthalene; heterocyclic compounds such as quino-
line and pyndine; ketones such as acetone, methyl ethyl
ketone, and cyclohexanone; esters such as methyl acetate and
methyl acrylate; amines such as diethylenetriamine and N,N-
dimethylaminopropylamine; ethers such as diethyl ether, pro-
pylene oxide, and tetrahydrofuran (THF); amides such as
N-methylpyrrolidone (NMP), dimethylformamide, and dim-
cthylacetamide; and aprotic polar solvents such as hexameth-
ylphosphoramide and dimethyl sulfoxide.
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Especially when an aqueous medium 1s used, 1t 1s preferred
to use a thickener and a latex of, for example, a styrene/
butadiene rubber (SBR) to prepare a slurry. A thickener 1s
used generally for the purpose of regulating the viscosity of
the slurry. The thickener i1s not particularly limited, and
examples thereol include carboxymethyl cellulose, methyl
cellulose, hydroxymethyl cellulose, ethyl cellulose, poly(vi-
nyl alcohol), oxidized starch, phosphorylated starch, casein,
and salts of these. One of these thickeners may be used alone,
or two or more thereof may be used in any desired combina-
tion and proportion. In the case where such a thickener 1s
turther added, the proportion of the thickener to the active
material may be 0.1% by mass or higher, preferably 0.5% by
mass or higher, more preferably 0.6% by mass or higher, and
the upper limit thereof may be 5% by mass or lower, prefer-
ably 3% by mass or lower, more preferably 2% by mass or
lower. When the proportion thereot 1s within that range, sat-
isfactory applicability 1s obtained and the proportion of the
active material 1n the positive-clectrode active-material layer
1s not excessively low. It 1s therefore easy to avoid the problem
that battery capacity decreases and the trouble that resistance
among particles of the positive-electrode active material
Increases.

(Current Collector)

The material of the positive-electrode current collector 1s
not particularly limited, and a known one can be used at will.
Examples thereof include metallic materials such as alumi-
num, stainless steel, nickel-plated matenals, titanium, and
tantalum; and carbon materials such as carbon cloths and
carbon papers. Of these, metallic materials are preferred.
Especially preferred 1s aluminum.

In the case of a metallic material, examples of the shape of
the current collector include metal foils, metal cylinders,
metal coils, metal plates, thin metal films, expanded metals,
punching metals, and metal foam. In the case of a carbon
material, examples of the collector shape include carbon
plates, thin carbon films, and carbon cylinders. Of these, a
thin metal film 1s preferred. The thin film may be 1n a suitable
mesh form. Although the thin film may have any desired
thickness, the thickness thereof 1s generally 1 um or more,
preferably 3 um or more, more preferably 5 um or more. The
upper limit thereot 1s generally 1 mm or less, preferably 100
um or less, more preferably 50 um or less. When the thin film
has a thickness within that range, this thin film can have the
strength required of a current collector and 1s easy to handle.

Furthermore, use of a material composed of a current col-
lector and, formed on the surface thereof, an electroconduc-
tive layer differing in compound composition from the cur-
rent collector 1s also preferred from the standpoint of
lowering the resistance of electronic contact between the
current collector and the positive-electrode active-material
layer. Examples of the electroconductive layer differing in
compound composition from the current collector include
clectroconductive layers formed from carbonaceous materi-
als, electroconductive polymers, and noble metals such as
gold, platinum, and silver.

The thickness ratio between the current collector and the
positive-electrode active-material layer 1s not particularly
limited. However, the value of (thickness of the positive-
clectrode active-material layer on one surface just before
impregnation with electrolytic solution)/(thickness of the
current collector) 1s preferably 20 or less, more preferably 15
or less, most preferably 10 or less, and the lower limit thereof
1s preferably 0.5 or greater, more preferably 0.8 or greater,
most preferably 1 or greater. When the thickness ratio 1s
within that range, 1t 1s easy to avoid the trouble that the current
collector 1s heated up by Joule’s heat during high-current-
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density charge/discharge or that the proportion by volume of
the current collector to the positive-electrode active material
increases to reduce the capacity of the battery.

(Electrode Area)

In the case where a nonaqueous electrolytic solution of the
ivention 1s used, 1t 1s preferred to regulate the positive-
clectrode active-material layer so as to have a larger area than
the area of the outer surface of the battery case, from the
standpoints of high output and enhanced high-temperature
stability. Specifically, the total area of the positive electrode 1s
preferably at least 15 times, more preferably at least 40 times,
the surface area of the case of the secondary battery. In the
case ol a bottomed prismatic shape, the term “area of the outer
surface of the case” means the total area calculated from the
length, width, and thickness dimensions of the case part
packed with the power generation elements excluding the
projecting parts of the terminals. In the case of a bottomed
cylindrical shape, that term means a geometrical surface area
obtained by approximating to a cylinder the case part packed
with the power generation elements excluding the projecting
parts of the terminals. The term “total area of the positive
clectrode” means the geometrical surface area of the positive-
clectrode mix layer which faces the mix layer containing a
negative-clectrode active material. In the case of a structure
obtained by forming a positive-electrode mix layer on each of
both surfaces of a current collector foil, that term means the
sum of the areas separately calculated for the respective sur-
faces.

(Thickness of Positive-Electrode Plate)

The thickness of the positive-electrode plate 1s not particu-
larly limited. However, from the standpoints of high capacity
and high output, the thickness of the mix layer, 1.e., the thick-
ness of the positive-clectrode plate excluding the metal foil
serving as a core, for one surface of the current collector 1s as
tollows. The lower limit thereot 1s preferably 10 um or more,
more preferably 20 um or more, and the upper limit thereof 1s
preferably 500 um or less, more preferably 400 um or less.

| Separator]

A separator 1s generally interposed between the positive
clectrode and the negative electrode 1 order to prevent short-

circuiting. In this case, a nonaqueous electrolytic solution of
this invention 1s usually infiltrated into the separator.

The material and shape of the separator are not particularly
limited, and known separators can be employed at will unless
the effects of the invention are considerably lessened thereby.
In particular, use may be made of separators constituted of
materials stable to the nonaqueous electrolytic solutions of
the invention, such as resins, glass fibers, and mnorganic mate-
rials. It 1s preferred to use a separator which 1s 1n the form of
a porous sheet, nonwoven fabric, or the like and has excellent
liquid retentivity.

As the matenal of the resinous or glass-fiber separators, use
can be made of, for example, polyolefins such as polyethylene
and polypropylene, polytetratluoroethylene, polyethersul-
tones, glass filters, and the like. Preferred of these are glass
filters and polyolefins. More preferred are polyolefins. One of
these materials may be used alone, or two or more thereof
may be used 1n any desired combination and proportion.

The separator may have any desired thickness. However,
the thickness thereot 1s generally 1 um or more, preferably 3
wm or more, more preferably 10 um or more, and 1s generally
50 um or less, preferably 40 um or less, more preferably 30
um or less. When the thickness of the separator 1s within that
range, netther isulating properties nor mechanical strength
decreases, and the battery is less apt to suller a decrease 1n
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battery performance, €.g., rate characteristics, or adecrease in
the energy density of the nonaqueous-electrolyte battery as a
whole.

In the case where a porous material such as, e.g., a porous
sheet or nonwoven fabric 1s used as the separator, this sepa-
rator may have any desired porosity. However, the porosity
thereol 1s generally 20% or higher, preterably 35% or higher,
more preferably 45% or higher, and 1s generally 90% or
lower, preterably 85% or lower, more preferably 75% or
lower. When the porosity thereof 1s within that range, this
separator does not have excessively high film resistance, and
preferred rate characteristics can be provided. Furthermore,
this separator does not have reduced mechanical strength, and
preferred 1nsulating properties also can be provided.

The separator may have any desired average pore diameter.
However, the average pore diameter thereof 1s generally 0.5
wm or less, preferably 0.2 um or less, and 1s generally 0.05 um
or more. When the average pore diameter thereof 1s within
that range, short-circuiting 1s less apt to occur, and this sepa-
rator does not have excessively high film resistance and can
provide preferred rate characteristics.

On the other hand, examples of the morganic matenals
which may be used include oxides such as alumina and silicon
dioxide, nitrides such as aluminum nitride and silicon nitride,
and sulfates such as barium sulfate and calcium sulfate. Such
materials of a particulate shape or fibrous shape may be used.

With respect to form, a separator of a thin film form may be
used, such as nonwoven fabric, woven fabric, or microporous
film. Suitable separators of a thin film form have a pore
diameter of 0.01-1 um and a thickness of 5-350 um. Besides
such a separator in an independent thin {ilm form, use can be
made of a separator obtained by forming a composite porous
layer containing particles of the morganic material using a
resinous binder on a surface layer of the positive electrode
and/or negative electrode. Examples thereof include to form a
porous layer from alumina particles having a 90% particle
diameter smaller than 1 um on both surfaces of the positive
clectrode using a fluororesin as a binder.

| Battery Design]
<Electrode Group>

he electrode group may be either of: an electrode group
having a multilayer structure 1n which the positive-electrode
plate and negative-electrode plate have been superposed
through the separator; and an electrode group having a wound
structure 1n which the positive-electrode plate and negative-
clectrode plate have been spirally wound through the separa-
tor. The proportion of the volume of the electrode group to the
internal volume of the battery (heremaiter referred to as elec-
trode group proportion) 1s generally 40% or higher, prefer-
ably 50% or higher, and 1s generally 90% or lower, preferably
80% or lower.

When the electrode group proportion 1s within that range,
not only a preferred battery capacity can be provided, but also
a moderate space volume can be ensured. Consequently, this
battery does not undergo an excessive increase in internal
pressure, even when the battery 1s heated up to cause mem-
bers to expand or a liquid component of the electrolyte to have
a heightened vapor pressure. It 1s therefore easy to avoid the
trouble that the battery 1s reduced 1n various characteristics
including charge/discharge cycling performance and high-
temperature storability, and the trouble that gas release valve,
which releases the internal pressure, works.

<Structure for Current Collection>

The structure for current collection 1s not particularly lim-
ited. However, for more effectively attaining the improve-
ment 1n high-current density charge/discharge characteristics
which 1s brought about by the nonaqueous electrolytic solu-




US 9,196,903 B2

39

tions of this invention, 1t 1s preferred to employ a structure
reduced in the resistance of wiring parts and joint parts. In the

case where 1nternal resistance has been reduced 1n this man-
ner, use of the nonaqueous electrolytic solutions of the inven-
tion produces the efiects thereof especially satistactorily.

In the case of an electrode group assembled into the mul-
tilayer structure described above, a structure obtained by
bundling the metallic core parts of respective electrode layers
and welding the bundled parts to a terminal 1s suitable. When
cach electrode has a large area, this results in increased inter-
nal resistance. In this case, i1t 1s preferred to dispose a plurality
of terminals 1n each electrode to reduce the resistance. In the
case of an electrode group having the wound structure
described above, a plurality of lead structures may be dis-
posed on each of the positive electrode and negative electrode
and bundled 1nto a terminal. Thus, internal resistance can be
reduced.

<Protective Element>

Examples of the protective element include a PTC (positive
temperature coellicient), which increases 1n resistance upon
abnormal heating-up or when an excessive current flows, a
temperature fuse, a thermister, and a valve (current breaker
valve) which, upon abnormal heating-up, breaks the current
flowing through the circuit, on the basis of an abrupt increase
in the internal pressure or internal temperature of the battery.
It 1s preferred to select such a protective element which does
not work under ordinary high-current use conditions. It 1s
more preferred to employ a design which prevents abnormal
heating-up and thermal run-away even without a protective
clement.

<Case>

The nonaqueous-electrolyte batteries of the invention each
are usually fabricated by housing the nonaqueous electrolytic
solution, negative electrode, positive electrode, separator, etc.
in a case. This case 1s not particularly limited, and a known
case can be employed at will unless this considerably lessens
the effects of the invention. Specifically, although the case
may be made of any desired material, use 1s generally made of
a metal such as nickel-plated 1ron, stainless steel, aluminum
or an alloy thereof, nickel, titanium, or a magnesium alloy or
a laminated film composed of a resin and an aluminum foil.
From the standpoint of weight reduction, a metal which 1s
aluminum or an aluminum alloy or a laminated film 1s suit-
able.

Examples of the case obtained using any of those metals
include: a case formed by fusion-bonding a metal to 1tself by
laser welding, resistance welding, or ultrasonic welding to
constitute a sealed structure; or a case formed by caulking any
of those metals through a resinous gasket. Examples of the
case obtained using the laminated film 1nclude a case having
a sealed structure formed by thermally fusion-bonding the
resin layerto itself. A resin different from the resin used in the
laminated film may be interposed between the resin layers 1n
order to enhance sealing properties. Especially when a sealed
structure 1s to be formed by thermally fusion-bonding resin
layers through current-collector terminals, then metal/resin
bonding 1s involved and, hence, a resin having polar groups or
a modified resin into which polar groups have been incorpo-
rated 1s suitable for use as the resin to be interposed.

The case may have any desired shape. For example, the
case may be any of the cylindrical type, prismatic type, lami-
nate type, coin type, large type, and the like.

EXAMPLES

The mvention will be explained below 1n more detail by
reference to Examples and Comparative Examples. However,
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the invention should not be construed as being limited to the
following Examples unless the invention departs from the
spirit thereof

Example 1

Production of Negative Electrode

To 98 parts by weight of artificial-graphite powder KS-44
(trade name; manufactured by Timcal) were added 100 parts
by weight of an aqueous dispersion of sodium carboxymethyl
cellulose (concentration of sodium carboxymethyl cellulose,
1% by mass) as a thickener and 2 parts by weight of an
aqueous dispersion of a styrene/butadiene rubber (concentra-
tion of styrene/butadiene rubber, 50% by mass) as a binder.
The mgredients were mixed together by means of a disperser
to obtain a slurry. The slurry obtained was applied to one
surface of a copper foil having a thickness of 10 um and dried.
This coated foil was rolled with a pressing machine to a
thickness of 75 um, and a piece of a shape having an active-
material layer size with a width of 30 mm and a length of 40
mm and having an uncoated area with a width of 5 mm and a
length of 9 mm was cut out of the rolled sheet. Thus, a
negative electrode was obtained.
|Production of Positive Electrode]

Ninety percents by mass 1ron lithium phosphate (LiFePO;
manufactured by STL Energy Technology Co., Ltd.) as a
positive-electrode active material was mixed with 5% by
mass acetylene black as a conductive material and 5% by
mass poly(vinylidene fluoride) (PVdF) as a binder in N-me-
thylpyrrolidone solvent to obtain a slurry. The slurry obtained
was applied to one surface of an aluminum foil having a
thickness of 15 um and coated beforehand with a carbon-
aceous material, and dried. This coated foil was rolled with a
pressing machine to a thickness of 80 um, and a piece of a
shape having an active-matenal layer size with a width o1 30
mm and a length o1 40 mm and having a uncoated area with a
width of 5 mm and a length of 9 mm was cut out of the rolled
sheet. Thus, a positive electrode was obtained.
|Production of Electrolytic Solution]

In a dry argon atmosphere, 98.5% by mass mixture of
cthylene carbonate (EC), dimethoxyethane (DME), and ethyl
methyl carbonate (EMC) (volume ratio, 2:3:5) was mixed
with 0.5% by mass lithium difluorophosphate (LiPO,F,),
0.5% by mass vinylene carbonate (VC), and 0.5% by mass
monofluoroethylene carbonate (MFEC). Subsequently, suifi-
ciently dried L1PF  was dissolved therein so as to result in a
proportion thereof o1 1.1 mol/L. Thus, an electrolytic solution
was obtained.

[Production of Lithium Secondary Battery]

The positive electrode and negative electrode described
above and a separator made of polyethylene were superposed
in the order of negative electrode/separator/positive electrode
to produce a battery element. This battery element was
inserted into a bag constituted of a laminated film obtained by
coating both surfaces of aluminum (thickness, 40 um) with a
resin layer, with the terminals of the positive and negative
clectrodes projecting outward. Thereafter, the electrolytic
solution was introduced into the bag, and this bag was
vacuum-sealed to produce a sheet battery. This battery was
evaluated. The components of the electrolytic solution are
shown 1n Table 1.
| Evaluation of Initial Discharge Capacity]

The lithium secondary battery was evaluated 1n the state of
being sandwiched between glass plates 1n order to enhance
contact between the electrodes. At 25° C., this battery was
charged to 4.0V at a constant current corresponding to 0.2 C
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and then discharged to 2.5V at a constant current of 0.1 C.
Two cycles of this charge/discharge were conducted to stabi-

lize the battery. In each of the third to sixth cycles, the battery
was charged to 4.0 V at a constant current of 0.2 C, subse-
quently charged at a constant voltage o1 4.0 V until the current
value became 0.05 C, and then discharged to 2.5 V at a
constant current of 0.2 C. Thereaiter, 1n the seventh cycle, the
battery was charged to 4.0 V at a constant current of 0.2 C,
subsequently charged at a constant voltage of 4.0 V until the
current value became 0.05 C, and then discharged to 2.5V at
a constant current of 0.2 C to determine mitial discharge
capacity. Here, “1 C” means a current value at which the
reference capacity of the battery 1s discharged over 1 hour; “3
C”” means the current value which 1s 5 times the current of 1
C, “0.1 C” means the current value which 1s V1o the current of
1 C, and “0.2 C” means the current value which 1s Y5 the
current of 1 C.

| Evaluation of 25° C. Output]

The battery which had undergone the evaluation of 1nitial
discharge capacity was charged at 25° C. and a constant
current o1 0.2 C to a half of the mitial discharge capacity. This
battery was discharged at 25° C. for 10 seconds ateach of 1 C,
2C,4C,7C,10C, and 15 C, and the voltage was measured
at the time when the 10 seconds had passed. The area of the
triangle surrounded by the current-voltage line and the lower-
limit voltage (2.5 V) was regarded as output (W). The relative
value (%) of the output was calculated, with the output value
at 25° C. of Comparative Example 1 being taken as 100.

[ Evaluation of —30° C. Output]

The battery which had undergone the evaluation of 1nitial
discharge capacity was charged at 25° C. and a constant
current o1 0.2 C to a half of the mitial discharge capacity. This
battery was discharged at =30° C. for 10 seconds at each 01 0.2
C,04C,08C,1C,and 2 C, and the voltage was measured at
the time when the 10 seconds had passed. The area of the
triangle surrounded by the current-voltage line and the lower-
limit voltage (2.5 V) was regarded as output (W). The relative
value (%) of the output was calculated, with the output value
at —30° C. of Comparative Example 1 being taken as 100.
| Evaluation of High-Temperature Cycle Characteristics]

At 60° C., the battery which had undergone the test for
evaluating 1initial discharge capacity was chargedto 3.6 V at a
constant current of 2 C and then discharged to 2.5 V at a
constant current of 2 C. This operation was taken as one cycle,
and 500 cycles were conducted. The discharge capacity (%)
in the 500th cycle was determined as a value relative to the
discharge capacity measured in the first cycle, which was
taken as 100. This discharge capacity (%) was taken as dis-
charge capacity retention.
| Evaluation of High-Rate Discharge Characteristics]

The battery which had undergone the high-temperature
cycle test was subjected to the following test at 25° C. The
battery was charged to 3.6 V at a constant current 01 0.2 C and
then charged at a constant voltage of 3.6 V until the current
value became 0.05 C. This battery was discharged to 2.5V at
cach of constant currents of 2 C and 5 C. The discharge
capacities (%) at 2 C and 5 C after the high-temperature cycle
test were determined as values relative to the discharge capac-
ity determined in the iitial discharge capacity test, which
was taken as 100.

The results of the evaluation are shown in Tables 2 and 3.

Example 2

A sheet-form lithtum secondary battery was produced and
evaluated 1n the same manners as in Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
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by mixing 99.5% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 2:3:5) with 0.5% by mass vinylene
carbonate (VC) and then dissolving sufficiently dried LiPF
in the resultant mixture so as to result 1n a proportion thereof
of 1.1 mol/L. The components of the electrolytic solution and
the results of the evaluation are shown 1n Table 1 to Table 3.

Example 3

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as in Example 1, except that an

clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.5% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 2:3:35) with 0.5% by mass lithium dif-
luorophosphate (L1iPO,F,) and then dissolving suificiently
dried LiPF 1n the resultant mixture so as to result 1n a pro-
portion thereof o1 1.1 mol/L. The components of the electro-

lytic solution and the results of the evaluation are shown 1n
Table 1 to Table 3.

Example 4

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 98.5% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 3:2:5) with 0.5% by mass lithtum dif-
luorophosphate (L1PO,F,), 0.5% by mass vinylene carbonate
(VC), and 0.5% by mass monotluoroethylene carbonate
(MFEC) and then dissolving sufficiently dried LiPF, 1n the
resultant mixture so as to result in a proportion thereof of 1.1
mol/L. The components of the electrolytic solution and the
results of the evaluation are shown 1n Table 1 to Table 3.

Example 5

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.5% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 3:2:5) with 0.5% by mass vinylene
carbonate (VC) and then dissolving sufficiently dried LiPF,
in the resultant mixture so as to result 1n a proportion thereof
of 1.1 mol/L. The components of the electrolytic solution and
the results of the evaluation are shown 1n Table 1 to Table 3.

Example 6

A sheet-form lithtum secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.0% by mass mixture of ethylene carbonate
(EC), diethoxyethane (DEE), and ethyl methyl carbonate
(EMC) (volume ratio, 3:1:6) with 0.5% by mass vinylene
carbonate (VC) and 0.5% by mass lithtum difluorophosphate
(L1PO,F,) and then dissolving sufficiently dried L1PF 1n the
resultant mixture so as to result in a proportion thereof of 1.1
mol/L. The components of the electrolytic solution and the
results of the evaluation are shown in Table 1 to Table 3.

Example 7

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
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clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.0% by mass mixture of ethylene carbonate
(EC), ethoxy(2,2,2-trifluoroethoxy)ethane (ETFEE), and
cthyl methyl carbonate (EMC) (volume ratio, 3:1:6) with
0.5% by mass vinylene carbonate (VC) and 0.5% by mass
lithium difluorophosphate (LiPO,F,) and then dissolving
suificiently dried L1PF; 1n the resultant mixture so as to result
in a proportion thereof of 1.1 mol/L. The components of the

clectrolytic solution and the results of the evaluation are
shown 1n Table 1 to Table 3.

Example 8

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as in Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.0% by mass mixture of ethylene carbonate
(EC), 1,1,2,2-tetratluoroethyl 2,2,3,3-tetratluoro-n-propyl
cther (TFETFPE), and ethyl methyl carbonate (EMC) (vol-
ume ratio, 3:1:6) with 0.5% by mass vinylene carbonate (VC)
and 0.5% by mass lithium difluorophosphate (L1PO,F,) and
then dissolving sufficiently dried L1PF in the resultant mix-
ture so as to result 1 a proportion thereof of 1.1 mol/L. The
components of the electrolytic solution and the results of the
evaluation are shown 1n Table 1 to Table 3.

Example 9

A sheet-form lithtum secondary battery was produced and
evaluated 1n the same manners as in Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 98.5% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 3:2:5) with 0.5% by mass vinylene
carbonate (VC) and 1% by mass lithium trifluoromethane-
sulfonate (CF,S0O,1.1) and then dissolving sufficiently dried
L1PF . in the resultant mixture so as to result in a proportion
thereol of 1.1 mol/L. The components of the electrolytic

solution and the results of the evaluation are shown 1n Table 1
to Table 3.

Example 10

A sheet-form lithtum secondary battery was produced and
evaluated 1n the same manners as in Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 98.5% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 3:2:5) with 0.5% by mass vinylene
carbonate (VC) and 1% by mass lithium bis(fluorosulionyl)
imide (LiFSI) and then dissolving sufficiently dried LiPF, 1n
the resultant mixture so as to result 1n a proportion thereof of
1.1 mol/LL. The components of the electrolytic solution and
the results of the evaluation are shown in Table 1 to Table 3.

Example 11

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as in Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.0% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 3:2:5) with 0.3% by mass vinylene
carbonate (VC), 0.2% by mass 1,3-propanesultone (PS), and
0.5% by mass lithium difluorophosphate (L1PO,F,) and then
dissolving sufficiently dried LiPF, in the resultant mixture so
as to result 1n a proportion thereof of 1.1 mol/L. The compo-
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nents of the electrolytic solution and the results of the evalu-
ation are shown 1n Table 1 to Table 3.

Example 12

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.0% by mass mixture of ethylene carbonate
(EC), dimethoxyethane (DME), and ethyl methyl carbonate
(EMC) (volume ratio, 3:2:5) with 0.3% by mass vinylene

carbonate (VC), 0.2% by mass ethylene sulfite (ES), and
0.5% by mass lithium difluorophosphate (LL1PO,F,) and then
dissolving suificiently dried L1PF in the resultant mixture so
as to result 1n a proportion thereof of 1.1 mol/L.. The compo-
nents of the electrolytic solution and the results of the evalu-
ation are shown in Table 1 to Table 3.

Comparative Example 1

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.5% by mass mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC) (volume ratio, 3:3:4) with 0.5% by mass vinylene
carbonate (VC) and then dissolving sutficiently dried LiPF
in the resultant mixture so as to result 1n a proportion thereof
of 1 mol/L. The components of the electrolytic solution and
the results of the evaluation are shown 1n Table 1 to Table 3.

Comparative Example 2

A sheet-form lithtum secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99% by mass mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC) (volume ratio, 3:3:4) with 1% by mass vinylene car-
bonate (VC) and then dissolving suificiently dried LiPF in
the resultant mixture so as to result 1n a proportion thereof of
1 mol/L. The components of the electrolytic solution and the
results of the evaluation are shown in Table 1 to Table 3.

Comparative Example 3

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.5% by mass mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC) (volume ratio, 3:3:4) with 0.5% by mass vinylethyl-
ene carbonate (VEC) and then dissolving sufficiently dried
L1PF . 1n the resultant mixture so as to result in a proportion
thereof of 1 mol/L. The components of the electrolytic solu-

tion and the results of the evaluation are shown in Table 1 to
Table 3.

Comparative Example 4

A sheet-form lithium secondary battery was produced and
evaluated 1n the same manners as 1n Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing 99.5% by mass mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC) (volume ratio, 3:3:4) with 0.5% by mass 1,3-propane-
sultone (PS) and then dissolving sufliciently dried LiPF, 1n
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the resultant mixture so as to result 1n a proportion thereof of
1 mol/L. The components of the electrolytic solution and the
results of the evaluation are shown 1n Table 1 to Table 3.

Comparative Example 5

A sheet-form lithtum secondary battery was produced and
evaluated 1n the same manners as in Example 1, except that an
clectrolytic solution was obtained 1n a dry argon atmosphere
by mixing a mixture of ethylene carbonate (EC), dimethoxy-
cthane (DME), and ethyl methyl carbonate (EMC) (volume
rat10, 3:2:5) and then dissolving sufliciently dried LiPF . in the
resultant mixture so as to result in a proportion thereof of 1.1
mol/L. The components of the electrolytic solution and the
results of the evaluation are shown 1n Table 1 to Table 3.

Comparative Example 6

Production of Positive Electrode

Ninety percents by mass L1(N1, ,Mn, ,Co, ,5)O, (NMC) as

a positive-clectrode active material was mixed with 5% by
mass acetylene black as a conductive material and 5% by
mass poly(vinylidene fluoride) (PVdF) as a binder in N-me-
thylpyrrolidone solvent to obtain a slurry. The slurry obtained
was applied to one surface of an aluminum foil having a
thickness of 15 um and coated beforehand with a conduction
aid, and dried. This coated foi1l was rolled with a pressing
machine to athickness of 80 um, and a piece of a shape having,
an active-material layer size with a width of 30 mm and a
length of 40 mm and having a uncoated area with a width of
5> mm and a length of 9 mm was cut out of the rolled sheet.
Thus, a positive electrode was obtained.

| Production of Electrolytic Solution]

A sheet-form lithium secondary battery was produced 1n
the same manner as 1n Example 1, except that an electrolytic
solution was obtained 1n a dry argon atmosphere by mixing
99.0% by mass mixture of ethylene carbonate (EC),
dimethoxyethane (DME), and ethyl methyl carbonate (EMC)
(volume ratio, 2:3:5) with 1.0% by mass LIN(FSO,), (L1FSI)
and then dissolving sufficiently dried LiPF . in the resultant
mixture so as to result 1n a proportion thereof of 1.1 mol/L.
The components of the electrolytic solution are shown 1n
Table 1.
| Evaluation of Initial Discharge Capacity]

The lIithtum secondary battery produced above was evalu-
ated 1n the state of being sandwiched between glass plates 1n
order to enhance contact between the electrodes. At 25° C.,
this battery was charged to 4.1 V at a constant current corre-
sponding to 0.2 C and then discharged to 3 V at a constant
current of 0.2 C. Two cycles of this charge/discharge were
conducted to stabilize the battery. In the third cycle, the bat-
tery was charged to 4.2 V at a constant current of 0.2 C,
subsequently charged at a constant voltage of 4.2 V until the
current value became 0.05 C, and then dischargedto 3 V at a
constant current of 0.2 C. Thereatter, 1n the fourth cycle, the
battery was charged to 4.2 V at a constant current of 0.2 C,
subsequently charged at a constant voltage of 4.2 V until the
current value became 0.05 C, and then discharged to 3 V at a
constant current of 0.2 C to determine 1nitial discharge capac-
ity. Here, “1 C” means a current value at which the reference
capacity of the battery 1s discharged over 1 hour; “5 C” means
the current value which is 5 times the currentof' 1 C, “0.1 C”
means the current value which 1s V1o the current of 1 C, and
“0.2 C” means the current value which is 5 the currentof 1 C.
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|Evaluation of High-Temperature Cycle Characteristics]

At 60° C., the battery which had undergone the test for
evaluating initial discharge capacity was charged to 4.2V at a
constant current of 2 C and then discharged to 3 V at a
constant current of 2 C. This operation was taken as one cycle,
and 500 cycles were conducted. The discharge capacity (%)
in the 500th cycle was determined as a value relative to the
discharge capacity measured 1n the first cycle, which was
taken as 100. This discharge capacity (%) was taken as dis-
charge capacity retention.

|[Evaluation of High-Rate Discharge Characteristics]

The battery which had undergone the high-temperature
cycle test was subjected to the following test at 25° C. The
battery was charged to 4.2 V at a constant current 01 0.2 C and
then charged at a constant voltage of 4.2 V until the current
value became 0.05 C. This battery was discharged to 3 V at
cach of constant currents of 2 C and 5 C. The discharge
capacities (%) at 2 C and 5 C after the high-temperature cycle
test were determined as values relative to the discharge capac-

ity determined in the initial discharge capacity test, which
was taken as 100.

The results of the evaluation are shown 1n Tables 2 and 3.

TABL.

L1l
[

Solvent (ratio) Additive (mass%o)

Example 1 EC:DME:EMC LiPO,F, (0.5)
(20:30:50) VC (0.5)
MFEFEC (0.5)
Example 2 EC:DME:EMC VC (0.5)
(20:30:50)
Example 3 EC:DME:EMC LiPO,F, (0.5)
(20:30:50)
Example 4 EC:DME:EMC LiPO,F, (0.5)
(30:20:50) VC (0.5)
MEFEC (0.5)
Example 5 EC:DME:EMC VC (0.5)
(30:20:50)
Example 6 EC:DEE:EMC VC (0.5)
(30:10:60) LiPO,FE, (0.5)
Example 7 EC:ETFEE:EMC VC (0.5)
(30:10:60) LiPO5F, (0.5)
Example 8 EC: TFETFPE:EMC VC (0.5)
(30:10:60) LiPO,F, (0.5)
Example 9 EC:DME:EMC VC (0.5)
(30:20:50) CF3S0;L1 (1)
Example 10 EC:DME:EMC VC (0.5)
(30:20:50) LiFSI(1)
Example 11 EC:DME:EMC VC (0.3)
(30:20:50) PS (0.2)
LiPO,F, (0.5)
Example 12 EC:DME:EMC VC (0.3)
(30:20:50) ES (0.2)
LiPO,F, (0.5)
Comparative EC:DMC:EMC VC (0.5)
Example 1 (30:30:40)
Comparative EC:DMC:EMC VC (1.0)
Example 2 (30:30:40)
Comparative EC:DMC:EMC VEC (0.5)
Example 3 (30:30:40)
Comparative EC:DMC:EMC PS (0.5)
Example 4 (20:30:50)
Comparative EC:DME:EMC none
Example 5 (20:30:50)
Comparative EC:DME:EMC LiFSI (1)
Example 6 (20:30:50)
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TABL.

(L]

2

Output relative to Comparative Example 1 (%)

25° C. -30° C.
Example 1 115.5 149.3
Example 2 112.2 114.0
Example 3 116.6 176.6
Example 4 105.7 11%8.8
Example 5 108.0 105.9
Example 6 111.3 133.3
Example 7 110.4 12%8.5
Example 8 107.8 122.0
Example 9 112.0 136.5
Example 10 112.6 134.9
Example 11 111.0 130.1
Example 12 113.0 131.7
Comparative 100 100
Example 1
Comparative 98.5 93.1
Example 2
Comparative 91.5 94.7
Example 3
Comparative 90.8 99.5
Example 4
TABLE 3

Discharge

capacity

retention 2-C discharge 5-C discharge

after 500 capacity after capacity after

cycles (%) 500 cycles (%) 500 cycles (%)
Example 1 66.4 59.9 58.7
Example 2 63.1 59.3 57.6
Example 3 51.4 39.1 37.9
Example 4 77.8 72.4 69.5
Example 6 71.3 64.8 61.5
Example 7 65.4 60.9 57.4
Example 8 71.7 62.1 58.6
Example 9 67.8 66.5 63.9
Example 10 68.1 65.6 62.9
Example 11 64.8 58.7 55.9
Example 12 67.8 60.0 56.9
Comparative 23.4 26.1 23.5
Example 4
Comparative 40.7 33.9 29.7
Example 5
Comparative 45.0 35.7 30.5
Example 6

As apparent from Table 2, the nonaqueous-electrolyte bat-
teries of the invention are superior 1n initial output at 25° C.
and -30° C. As apparent from Table 3, the batteries of the
invention are superior in high-temperature cycle characteris-
tics and 1n high-current-density discharge characteristics
determined after the high-temperature cycle test. It was hence
found that the batteries of the mnvention have high durability.
In contrast, the batteries employing nonaqueous electrolytic
solutions which are not the nonaqueous electrolytic solutions
according to the invention are lower 1n 1nitial output at 25° C.
and —30° C. than the batteries employing the nonaqueous
clectrolytic solutions according to the invention, and are infe-
rior 1n high-temperature cycle characteristics and in high-
current-density discharge characteristics determined after the
high-temperature cycle test.

While the invention has been described 1n detail and with
reference to specific embodiments thereof, 1t will be apparent
to one skilled in the art that various changes and modifications
can be made therein without departing from the spint and
scope thereot. This application 1s based on a Japanese patent
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application filed on Sep. 29, 2009 (Application No. 2009-
223809), the contents thereol being incorporated herein by
reference.

INDUSTRIAL APPLICABILITY

The nonaqueous-electrolyte batteries of the mnvention have
a high mitial output at ordinary temperature and -30° C.,
attain a high discharge capacity even during high-rate dis-
charge, and have a high capacity retention after a durability
test such as a high-temperature storage test or cycle test. In
addition, even after the durability test, the batteries of the
invention have the excellent output performance and high-
rate discharge capacity equal to the 1nitial values.

The mvention claimed 1s:

1. A nonaqueous-¢lectrolyte battery, comprising:

a current collector;

a positive electrode comprising an iron lithium phosphate
of an olivine structure having the basic composition
LiFePO, as a positive-electrode active matenial;

a negative electrode comprising a negative-electrode active
material capable of occluding and releasing lithium
ions; and

a nonaqueous electrolytic solution comprising:

(1) a chain ether having 3-10 carbon atoms, 1n an amount
of 5% by volume or higher and 70% by volume or
less:

(2) vinylene carbonate, 1n an amount of 0.01% by mass
or more and 5% by mass or less, based on an entire
mass ol the nonaqueous electrolytic solution; and

(3) ethylene carbonate 1n an amount of 15% by volume
or more and 40% by volume or less.

2. The battery according to claim 1, wherein a content of
the vinylene carbonate 1s 0.1% by mass or more and 3% by
mass or less based on an entire mass of the nonaqueous
clectrolytic solution.

3. The battery according to claim 1, wherein the nonaque-
ous electrolytic solution comprises the ethylene carbonate 1n
an amount of 20% by volume or more and 30% by volume or
less.

4. The battery according to claim 1, wherein:

the chain ether is represented by R'OR?;

R" and R” each represent an optionally fluorine-atom sub-
stituted monovalent organic group having 1-8 carbon
atoms; and

R' and R” may be the same or different.

5. The battery according to claim 1, wherein the negative-
clectrode active material 1s a carbonaceous material.

6. The battery according to claim 1, wherein the current
collector has an electroconductive layer on the surface
thereol, said electroconductive layer being different from the
current collector 1n compound composition.

7. The battery according to claim 1, wherein the chain ether
1s dimethoxyethane.

8. The battery according to claim 1, wherein the chain ether
1s at least one selected from the group consisting of diethyl
cther, di(2-fluoroethyl)ether, di(2,2-ditluoroethyl)ether, di(2,
2,2-trifluoroethyl)ether, ethyl 2-fluoroethyl ether, ethyl 2,2,2-
tritfluoroethyl ether, ethyl 1,1,2,2-tetrafluoroethyl ether,
2-tluoroethyl 2,2,2-trifluoroethyl ether, 2-fluoroethyl 1,1,2,2-
tetratluoroethyl ether, 2,2,2-trifluoroethyl 1,1,2,2-tetratluo-
roethyl ether, ethyl n-propyl ether, ethyl 3-fluoro-n-propyl
cther, ethyl 3,3,3-trifluoro-n-propyl ether, ethyl 2,2,3,3-tet-
rafluoro-n-propyl ether, ethyl 2,2,3,3,3-pentatluoro-n-propyl
cther, 2-fluoroethyl n-propyl ether, 2-floroethyl 3-fluoro-n-
propyl ether, 2-fluoroethyl 3,3,3-trifluoro-n-propyl ether,
2-tluoroethyl 2,2,3,3-tetratfluoro-n-propyl ether, 2-tfluoroet-
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hyl 2,2.3,3,3-pentafluoro-n-propyl ether, 2,2,2-trifluoroethyl
n-propyl ether, 2,2,2-trifluoroethyl 3-fluoro-n-propyl ether,
2,2, 2-trifluoroethyl 3,3,3-trifluoro-n-propyl ether, 2,2,2-trii-
luoroethyl 2,2,3,3-tetrafluoro-n-propyl ether, 2,2,2-trifluoro-
cthyl 2,2,3,3,3-pentatluoro-n-propyl ether, 1,1,2,2-tetrafluo-
roethyl n-propyl ether, 1,1,2,2-tetratluoroethyl 3-fluoro-n-
propyl ether, 1,1,2,2-tetrafluoroethyl 3,3,3-trifluoro-n-propyl
cther, 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoro-n-propyl
cther, 1,1,2,2-tetrafluoroethyl 2,2,3,3,3-pentatluoro-n-propyl
cther, di-n-propyl ether, n-propyl 3-fluoro-n-propyl ether,
n-propyl 3,3,3-trifluoro-n-propyl ether, n-propyl 2,2,3,3-tet-
rafluoro-n-propyl ether, n-propyl 2,2,3,3,3-pentatluoro-n-
propyl ether, di(3-fluoro-n-propyl)ether, 3-fluoro-n-propyl
3,3,3-trifluoro-n-propyl ether, 3-fluoro-n-propyl 2,2,3,3-tet-
rafluoro-n-propyl ether, 3-fluoro-n-propyl 2.,2,3,3,3-pen-
tatluoro-n-propyl ether, di(3,3,3-trifluoro-n-propyl)ether,
3,3, 3-trifluoro-n-propyl 2,2,3,3-tetratluoro-n-propyl ether,
3.3,3-trifluoro-n-propyl 2,2,3,3,3-pentafluoro-n-propyl
cther, di(2,2,3,3-tetrafluoro-n-propyl)ether, 2,2,3,3-tet-
rafluoro-n-propyl 2,2,3,3,3-pentatluoro-n-propyl ether, di(2,
2.,3,3,3-pentatluoro-n-propyl )ether, di-n-butyl cther,
dimethoxymethane, methoxyethoxymethane, methoxy(2-
fluoroethoxy)methane, methoxy(2,2,2-trifluoroethoxy)
methane, methoxy(1,1,2,2-tetrafluoroethoxy )methane,
diethoxymethane, ethoxy(2-fluoroethoxy)methane, ethoxy
(2,2,2-trifluoroethoxy)methane, ethoxy(1,1,2,2-tetratluoro-
cthoxy)methane, di(2-fluoroethoxy)methane, 2-fluoroet-
hoxy(2,2,2-trifloroethoxy)methane, 2-fluoroethoxy(1,1,2,2-
tetrafluoroethoxy)methane, di(2,2,2-trifluoroethoxy)
methane,  2,2,2-trifluoroethoxy(1,1,2,2-tetratfluoroethoxy)
methane, di(1,1,2,2-tetratluoroethoxy )methane,
dimethoxyethane, methoxyethoxyethane, methoxy(2-tfluoro-
cthoxy)ethane, methoxy(2,2,2-trifluoroethoxy )ethane, meth-
oxy(1,1,2,2-tetrafluoroethoxy )ethane, diethoxyethane,
cthoxy(2-fluoroethoxy)ethane, cthoxy(2,2,2-trifluoroet-
hoxy)ethane, ethoxy(1,1,2,2-tetratfluoroethoxy)ethane, di(2-
fluoroethoxy)ethane, 2-fluoroethoxy(2,2,2-trifloroethoxy)
ethane, 2-tfluoroethoxy(1,1,2,2-tetratfluoroethoxy )ethane,
di(2,2,2-trifluoroethoxy)ethane, 2,2,2-trifluoroethoxy(1,1,2,
2-tetrafluoroethoxy)ethane,  di(1,1,2,2-tetratluoroethoxy)
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cthane, ethylene glycol di-n-propyl ether, ethylene glycol
di-n-butyl ether, and diethylene glycol dimethyl ether.
9. The battery according to claim 1, wherein the chain ether
1s at least one selected from the group consisting of
dimethoxymethane, diethoxymethane,
cthoxymethoxymethane, ethylene glycol di-n-propyl ether,
cthylene glycol di-n-butyl ether, and diethylene glycol dim-
cthyl ether.
10. The battery according to claim 1, wherein the chain
cther 1s at least one selected from the group consisting of
2,2, 2-tnifluoroethyl 2,2,3,3-tetratluoro-n-propyl ether, 1,1,2,
2-tetrafluoroethyl 3,3,3-trifluoro-n-propyl ether, 1,1,2,2-tet-
rafluoroethyl 2,2,3,3-tetrafluoro-n-propyl ether, 3,3,3-trii-
luoro-n-propyl 2,2,3,3-tetrafluoro-n-propyl ether, 3.3,3-
tritfluoro-n-propyl 2,2,3,3,3-pentafluoro-n-propyl ether, and
di(2,2,3,3-tetrafluoro-n-propyl )ether.
11. An electrolytic solution, comprising;:
(1) a chain ether having 3-10 carbon atoms, 1n an amount of
5% by volume or higher and 70% by volume or less;

(2) vinylene carbonate, in an amount of 0.01% by mass or
more and 5% by mass or less, based on an entire mass of
the electrolytic solution; and

(3) ethylene carbonate in an amount of 15% by volume or

more and 40% by volume or less.

12. The celectrolytic solution according to claim 11,
wherein a content of the vinylene carbonate 1s 0.1% by mass
or more and 3% by mass or less based on an entire mass of the
clectrolytic solution.

13. The electrolytic solution according to claim 11, com-
prising the ethylene carbonate 1n an amount of 20% by vol-
ume or more and 30% by volume or less.

14. The electrolytic solution according to claim 11,

wherein:

the chain ether is represented by R'OR”;

R' and R* each represent an optionally fluorine-atom sub-
stituted monovalent organic group having 1-8 carbon
atoms; and

R' and R* may be the same or di
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